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��� bond line thickness, m 
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�$ thermal entry length, m 
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A channel width to thickness ratio 

B coefficient of thermal expansion, 1/K 

C dimensionless contact radius 

� channel thickness to width ratio, or, emissivity  

defined in Eq. (4.37) 

D3 eigenvalue 

E fluid kinematic viscosity, m2/s 

F fluid density, kg/m3 

G Stefan-Boltzmann constant, = 5.670373e-8 W/(m2.K4) 

H dimensionless plate thickness 

Φ3 dimensionless parameter defined in Eq. (4.14) 
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SUMMARY 

The objective of this PhD research is to design and implement novel 

microfluidic radio-frequency (RF) structures on multilayer organic substrates for 

cooling and tuning purposes. The different designs were implemented to target 

applications up to C-band (4 GHz – 8 GHz) frequencies. The system-on-package (SoP) 

solution adopted throughout this work is well adapted for such designs where there is a 

need to integrate the functionality of different sub-components into a single hybrid fully 

packaged system. System integration into a single package for RF applications requires 

the use of RF substrates which offer excellent electrical and mechanical properties, that 

is why, the characteristics of organic substrates such as liquid crystal polymer (LCP) 

are highlighted and contrasted to the other “traditional” and commonly-used RF 

substrates. 

The first part of the thesis is dedicated to the study of a specific liquid cooling 

scheme using integrated microchannels on organics placed beneath different types of 

heat sources. A 1 W gallium nitride (GaN) die was cooled using this method and an 

analysis is presented regarding the cases where the coolant (a 50:50 mixture of water 

and ethylene glycol) is static or dynamic inside the microchannel. The static case being 

ruled-out from potential efficient solutions, dynamic distilled (DI) water was used to 

cool high power passive (high power resistors) and active (5 W GaAs die) devices. 

Thermal modeling of such microchannels is also detailed for various channel 

thicknesses and heat source sizes for both flow configurations. Moreover, guidelines 

are given on how to design cooling microchannels for efficient heat removal. 

The second part of the thesis deals with microfluidically reconfigurable 

microstrip RF circuits, mainly bandpass filters and power amplifiers (PAs). The 

microfluidic tuning technique is based on the change in the effective dielectric constant 
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that the RF signal “sees” when traveling above two microchannels with different fluids. 

This technique was used to shift the frequency response of an L-band microstrip 

bandpass filter by replacing DI water with acetone inside a 60 mil micro-machined 

cavity. This technique was also used to design reconfigurable matching networks which 

constitute the main part of the proposed tunable GaN-based PA for S- and C-band 

applications. In a first effort to exclusively focus on tunability, the GaN die was placed 

on top of a thick copper carrier to deal with any thermal effects.  

After fully characterizing the effects of tuning and cooling separately, the third 

part of the thesis expands the previous results by combining both cooling and tuning in 

a single RF design. To prove the concept, cooling and tuning microchannels were 

integrated into a single package to cool a GaN-based PA and tune its frequency 

response from 2.4 GHz to 5.8 GHz and vice versa. Analysis and synthesis techniques 

of microstrip line characteristics on top of a multilayer substrate are also presented 

along with a step-by-step guideline on how to design microfluidically tunable matching 

networks using the aforementioned tuning technique. 
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CHAPTER 1 

INTRODUCTION 

Wireless communication systems have been steadily improving throughout the 

past few years in terms of performance, reliability and size thanks to the progress 

achieved in the microwave technology and in the radio frequency (RF) discipline in 

general [1]. Because the RF spectrum is very large (3 MHz – 300 GHz), and so are its 

applications, the spectrum has been split into multiple bands to support different types 

of applications. The lower end of the spectrum up to 8 GHz is particularly interesting 

and many RF applications lie within this range. For instance, some of the applications 

in the L-band (1 GHz – 2 GHz) are the global positioning system (GPS), GSM cellular 

communications and aircraft surveillance. In the S-band (2 GHz – 4 GHz), applications 

include wireless local area network (WLAN) technologies like WiFi, Bluetooth and 

airport surveillance radars. The C-band (4 GHz – 8 GHz) contains frequency ranges 

that are used for many satellite communications, some WiFi applications and some 

weather radar systems. 

RF microstrip filters/resonators are widely used in the wireless data 

transmission chain. Reconfigurable microstrip filters are important in multiple band 

applications because they allow reducing the system complexity. Many tuning 

techniques for these types of filters have been demonstrated in the past but none 

involved the use of microfluidics with organic substrates. The tuning concept can also 

be extended to other RF systems such as RF power amplifiers (PAs) which are essential 

microwave components that are present in virtually any wireless transmission device. 

Gallium arsenide (GaAs) have been widely used for making such PAs, however, many 

applications today, mainly radar detection and satellite communications, require more 

efficient PAs that can deliver higher power outputs at higher frequencies. This is why 
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gallium nitride (GaN) PAs are now becoming very popular thanks to their higher 

breakdown voltage, power density, electron mobility and temperature of operation [2]. 

The last property is very important, and although GaN is very promising in that regard, 

adequate heat sinking mechanisms are still required to dissipate the excess heat 

generated. Several cooling solutions already exist but the use of microfluidics on 

organic substrates has not yet been explored. 

 Organic substrates, such as liquid crystal polymer (LCP), have become very 

attractive for RF packaging because of their lightweight, low cost, low loss and 

excellent mechanical properties. LCP also offers multilayer integration capability 

alongside excellent electrical properties which have made it an excellent candidate for 

system-on-package RF designs [3]. For these various reasons, LCP has been chosen in 

this work as the preferred substrate for developing microfluidcally reconfigurable RF 

systems covering the L, S and C bands and for developing a novel microfluidic cooling 

technique. 

The objective of this research is to use microfluidics to: 1) design and develop 

reconfigurable RF systems on LCP and 2) come up with a novel cooling solution for 

active and passive heat sources mounted on LCP. To demonstrate the tunability 

concept, a microfluidically tunable L-band microstrip bandpass filter has been 

implemented on LCP. Microfluidically tunable GaN-based PAs working in the S and 

C bands were realized using reconfigurable matching networks implemented on LCP. 

For the cooling part, active and passive heat sources were mounted on LCP and cooled 

using distilled (DI) water circulating inside integrated microchannels. An analytical 

thermal model was proposed and compared to measurements. Tuning and cooling were 

combined together to cool a fully organic packaged PA while tuning its frequency of 

operation. 
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1.1 RF System-on-Package Solution for Microfluidics Integration 

Packaging technologies have evolved with time to solve the growing challenges 

of electronic systems in terms of size miniaturization, multi-functionality, integration 

and cost reduction. The realization of integrated microchannels for cooling and/or 

tuning RF systems requires a multilayer packaging solution that can support surface 

mount components, integrated circuits (ICs), interconnects and metallization lines on 

the top layer while the channels are micromachined on the bottom layer. The advanced 

packaging techniques that exist today can mainly be divided into three categories: 

system-on-chip (SoC), system-in-package (SiP) and system-on-package (SoP).  

Progress made in SoC technology for highly dense ICs has been mainly driven 

by Moore’s law that predicts the doubling of transistors density approximately every 

two years. The main advantages offered by this integration approach are high 

processing speed and low power consumption [4-5]. Because this technology allows 

the use of only one substrate supporting the whole system, this technology cannot be 

used to create our integrated microchannels. SoC is also a highly complex and 

expensive technology. SiP technology allows stacking-up multiple ICs vertically or 

horizontally in a single enclosed module. It is useful whenever different functions 

cannot be integrated in a single SoC or when different or incompatible technologies 

need to be integrated together in a single package [6]. The internal interconnects for 

inter-chip connections can be realized by wire-bonding, flip chip bonding or using 

through-silicon vias (TSVs). Creating integrated microchannels with this type of 
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packages can theoretically be done, but in practice the applications are so numerous 

that the process quickly becomes expensive and inefficient because of the high 

customization aspect. 

SoP is a more advanced packaging solution that can integrate several 

technologies with multiple functions into a highly dense and cost effective package [7]. 

SoP also allows multilayer integration by the means of inter-layer bonding and vertical 

interconnects. Fig. 1.1 illustrates the high number of functionalities and technologies 

that can be integrated in a single SoP system. As a final note, SoP technology seems to 

have all the characteristics needed to build the integrated microchanels we want to 

realize in this work. The only thing left at this point is to choose the adequate high 

frequency substrate that will be the base of our SoP microfluidic system. The following 

section discusses some of the possibilities. 

1.2 Substrates for Multilayer RF Packaging  

Substrates which are candidates to be used for modern RF packaging should at 

least exhibit the following characteristics: 1) low loss, 2) stable dielectric constant over 

the frequency band of interest and 3) multilayer integration capabilities. The substrates 

available today that meet more or less these requirements are ceramic and organic 

materials. Ceramics include aluminum oxide (alumina), aluminum nitride (AlN), 

 
Fig. 1.1 A single SoP package integrating multiple technologies [7]. 
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silicon carbide (SiC), high temperature co-fired ceramics (HTCC) and low temperature 

co-fired ceramics (LTCC). Examples of organic substrates include nearly pure 

polytetrafluoroethylene (PTFE), ceramic-filled PTFE, FR-4 and LCP. Because we are 

interested, in this work, in creating integrated microchannels inside the substrate, the 

multilayer characteristic is indeed very important. 

Among the ceramics discussed above, co-fired ceramics are the ones capable of 

meeting the multilayer requirement. HTCC are types of ceramics that are derived from 

alumina, and prior to the development of LTCC, the multilayer structures were obtained 

by laminating several alumina plates and firing them with metals altogether at a 

temperature of 1600 °C [8]. The downside of using HTCC though is the high 

temperature of co-firing which restricts the types of metallization; that is why the only 

metals that can be used are the ones that can withstand temperatures higher than 1600 

°C like tungsten and manganese [9]. It turns out to be that these metals have a low 

electrical conductivity compared to other good conductors like copper, silver or gold; 

these good conductors cannot be used for HTCC though because they melt at 

temperatures lower than 1100 °C [9]. The fact that low conductivity metals introduce 

more loss at higher frequencies makes HTCC not a very practical solution. 

To address this issue, LTCC has been developed in the late 90s in order to make 

multilayer RF packages work at much higher frequencies. In contrast with HTCC, the 

process has changed in a way that the co-firing temperature is typically done at 850 °C 

[8]. This has consequently allowed the use of high conductivity materials for co-firing 

and, since then, has made it possible for many multilayer RF devices to be packaged 

using this technology for applications that require much higher frequencies [10-12]. All 

that being said, LTCC still has many limitations [13]: 1) only processed in small tiles, 

2) expensive and complex process, 3) higher lead times, 4) non-polished substrates 
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(poor surface roughness) and 5) shrinkage in size after co-firing. For these various 

reasons that LTCC is not the option chosen in this work. 

FR-4 and PTFE (Teflon from DuPont) are both printed circuit board (PCB) type 

of substrates. FR-4 has been the standard for years for PCB manufacturing. In spite of 

its proven reliability, low cost and multilayer capabilities, FR-4 has a relatively high 

dissipation factor /loss tangent (tanδ ~ 0.02), has a high moisture absorption (0.5 %), 

has a high linear coefficient of thermal expansion (CTE) (50 ppm/° C) and its dielectric 

constant (εr = 4.5) is sometimes not tightly controlled over the whole laminate (different 

composition ratios in some sections of the PCB) and varies quite significantly with 

frequency [14]. PTFE can be a possible alternative to FR-4 in order to improve the 

electrical properties at higher frequencies thanks to its low loss characteristics. 

However, everything comes at a cost, PTFE has a very high CTE (230 ppm/°C) which 

makes its processing very difficult and costly in the case of multiple thick layers 

integration, add to that the fact that PTFE usually requires non-standard PCB processing 

for circuit fabrication [14]. In addition, PTFE has a poor adhesion property which 

makes the lamination process more difficult. Hybrid multilayer PCBs (FR-4 and PTFE) 

can be used but come with a trade-off between the electrical properties and the system 

complexity. Ceramic-filled PTFE materials (RO3000 series and some RT/duroid series 

from Rogers) are particularly interesting because they are more forgiving in the circuit 

fabrication process and the typical overall CTE value is much lower than pure PTFE. 

The Z-axis CTE is also very low (~ 16 - 50 ppm/°C) which makes these materials good 

candidates for lamination and vertical integration without significant thickness 

variation [15]. These low cost materials are commercially available in large panels with 

a varied choice for thickness values but they suffer from a slightly degraded electrical 
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performance compared to pure PTFE [14]. Table 1.1 is a comparative table between 

FR-4, PTFE and ceramic-filled PTFE. 

For many years, polydimethylsiloxane (PDMS) has been the “classical” choice 

for microchannel fabrication for biological and medical applications [16]. That is 

because PDMS offers many advantages [17]: it is a low cost material and optically 

transparent, it can easily be bonded to itself and to other materials and it can be 

doped/reinforced to alter its dielectric properties. It is also easy to mold, even when 

mixed with the cross-linking agent, the PDMS remains liquid at room temperature for 

many hours. The dielectric constant of PDMS can sometimes be changed by adding a 

specific percentage of ceramic powder [18], this property can be useful in order to 

synthesize PDMS materials with different dielectric constants. However, PDMS has 

some downsides: it has a higher dissipation factor [19] (tanδ = 0.05 @ 5 GHz) and it is 

a material that ages with time, therefore the mechanical properties of this material might 

change after a few years. Moreover, it is almost impossible to deposit metals and 

dielectrics on PDMS, a way to overcome this problem, but at the cost of an extra 

processing step, is to deposit metals on glass slides which can later be bonded to PDMS 

using plasma treatment. PDMS can also be very sensitive when exposed to some 

chemicals [20]. 

TABLE 1.1 
COMPARATIVE TABLE BETWEEN FR-4, PTFE, AND CERAMIC-FILLED PTFE 

 CTE 
(ppm/°C) 

tanδ 
@ 10 
GHz 

Moisture 
Absorption 

(%) 

Standard 
PCB 

Processing 

Dimensional 
Stability 

Multilayer 
Fabrication 

Electrical 
Performance 

FR-4 50 0.018 0.5 Excellent Very good Robust Poor 

PTFE 230 0.0018 0.02 Poor Poor Difficult Excellent 

Ceramic-
filled 
PTFE 

40 0.0013-
0.0023 

0.1 Good Good Moderate Very good 

*Based on data in [14]. 
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In recent years, alternative organic substrates such as LCP (ULTRALAM 3850 

from Rogers) have been developed to meet the ever growing needs of RF packaging 

and to remedy some of the shortcomings that the other substrates suffer from, thanks to 

its excellent electrical and mechanical properties [21]. LCP is a flexible organic 

material that offers many advantages for RF applications: 1) low loss (tanδ = 0.0025 @ 

10 GHz), 2) low cost, 3) commercial availability, 4) standard PCB processing, 5) large 

panel processing, 6) low temperature processing (285 °C), 7) extremely low moisture 

absorption (near-hermetic) (0.04 %), 8) low in-plane CTE (17 ppm/°C), 9) excellent 

dimensional stability, 10) high stability of the dielectric constant (εr = 2.9 @10 GHz) 

over temperature and frequency, 12) excellent adhesion to other materials, 12) 

multilayer integration and 13) flammability resistance. Given all these excellent 

properties, RF packaging on LCP has started to get momentum starting from the early 

2000s and has since then attracted many RF packaging  researchers’ interest [22-26]. 

After all, LCP gathers all the positive aspects of other packaging substrates while 

retaining virtually none of their drawbacks. This is why LCP is chosen in this work for 

creating novel microfluidic RF packages for cooling and tuning purposes. The only real 

shortcoming of LCP is its low thermal conductivity (0.2 W.m-1.K-1) [21], but, apart 

from ceramics, LCP is not very far behind other organic substrates. That is why, a 

significant part of this research is dedicated to microfluidic cooling on LCP to address 

this issue. RO3003 is also used as the preferred support for the microchannels because 

of its low Z-axis CTE, its dielectric constant which is very close to that of LCP (εr = 3) 

and its availability in various thicknesses [27]. In the following section, we discuss 

some of the existing cooling techniques. 
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1.3 Thermal Management and Cooling Techniques 

Thermal management is a very important aspect to consider in electronics 

because it helps improve the reliability of the system, extend its lifetime and prevent 

sudden failures caused by the overheating of some elements. Thermal management has 

become even more important with modern circuitry becoming much denser (e.g. 

microprocessors, CPUs and GPUs) resulting in higher power dissipation densities. 

Several cooling techniques can be used to dissipate the heat generated by the electronic 

components [28]. The four main categories that exist are heat sinks, air cooling, thermal 

vias and liquid cooling (Fig. 1.2). The most basic form of heat sinks are heat spreaders 

which are thin metal plates that come in contact with the hot device to “spread-out” the 

heat to a much larger surface area. Heat sinks can also take the form of thick metal 

plates/carriers or other high thermal conductivity materials that come in contact with 

the hot heat source. The most popular form of heat sinks are finned heat sinks which 

come mainly in two forms: pin-fin or plate-fin. The heat sink is often exposed to air, 

therefore most of the heat is getting dissipated through conduction and air convection. 

Depending on the heat sink used and the power densities involved, in many cases, the 

heat sink alone may not be sufficient to dissipate the heat as the cooling rate becomes 

lower than the heat generation rate. In this case, forced air cooling (through fans) is 

often combined with heat sinks to provide better dissipation rates, the typical convective 

heat transfer coefficient in this case is in the range of 10 - 1000 W.m-2.K-1 [29]. Liquid 

cooling can provide a far better performance, as an example, the convective heat 

transfer coefficient for water in a forced convection scenario is typically in the range of 

50 - 10000 W.m-2.K-1 [29]. 
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Fig. 1.2 Commonly used thermal management techniques. 
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To enhance the heat transfer from the heat source to the heat spreader in the first 

place, the use of thermal vias is a common practice. Beside their thermal transfer 

functionality, they can also serve as electrical interconnects between stacked layers.  

The thermal vias can be placed at the PCB level [30] and/or even at the silicon (Si) chip 

level [31] where they take the name of thermal through-silicon vias (TTSVs). Fig. 1.3 

is an illustration of thermal vias on PCB and on silicon (TTSVs). Although the main 

purpose of using TSVs has originally been the creation of high performance 

interconnects for 3D IC stacking, TSVs turned out to be an effective means to reduce 

the temperature of 3D ICs. Many research papers have been focusing on studying and 

modeling the thermal effect of TTSVs.  

In [33], Hu Xu et al. came up with two thermal models for TTSVs for a 3-D DRAM-

JP and compared them with FEM simulations. However, there have been recently some 

doubts about the efficiency of TTSVs, in [34] the authors claim that the temperature 

reduction can be achieved by the means of metal bumps underneath the TTSVs rather 

than the TTSVs themselves. 

For RF applications that require the integration of high power devices like RF 

power amplifiers or high power resistors, the heating effect due to the dissipated power 

becomes an important factor. For RF packaging, high thermal conductivity substrates 

such as AlN [35-36], which has been recently used to package a 6.5 W GaN PA [37], 

can be considered heat spreaders but they often need to be mounted on a more efficient 

(air-cooled) heat sink if the power densities involved are very high. Formulas and 

 
 (a) (b) 

Fig. 1.3 a) PCB-type vias [32] b) TTSVs [33]. 
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models have been developed to predict the junction temperature of high power devices, 

for instance, an accurate closed-form analytical solution has been developed in [38] to 

calculate the junction temperature of power amplifier field effect transistors (FETs) or 

monolithic microwave integrated circuits (MMICs). As discussed earlier, air cooling 

can be combined with heat sinks to help address this issue, but because the power 

requirements for power electronics and RF high power devices have been constantly 

increasing, liquid cooling techniques seem to be more attractive solutions thanks to 

their excellent heat dissipation rates. In some scenarios, using liquid cooling turns out 

to be a necessity, this is especially true for substrates with poor thermal conductivity 

values like the case of LCP and all organic materials in general. Liquid cooling 

techniques can be divided into direct and indirect subcategories. Direct liquid cooling 

involves direct contact between the coolant and the heat source while indirect liquid 

cooling suggests that there is no contact between the two. The most commonly used 

techniques are immersion cooling [39] and jet impingement [40-41] for direct liquid 

cooling and heat pipes [42-43], liquid cooled cold plates [44] and microchannels [45-

46] for indirect liquid cooling. These liquid cooling techniques are illustrated in Fig. 

1.4. 

 
 (a) (b) (c) 

 
 (d) (e) 

Fig. 1.4 Liquid cooling techniques: a) immersion cooling [39] b) jet impingement [47] c) heat pipes 

[42] d) liquid cooled cold plates [48] e) microchannels [45]. 
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Microfluidic cooling with integrated microchannels is an attractive solution for 

multilayer organic substrates because it provides thermal and mechanical design 

flexibility with reduced design size and a superior convective heat transfer coefficient. 

This technique has been used for 3D-IC cooling on silicon type of substrates [49] and 

has also been implemented in LTCC technology [50]. Microchannel fabrication 

techniques in polydimethylsiloxane (PDMS) [51] and polyimide (PI) [52] have also 

been investigated. In the next section we discuss the state of the art for reconfigurable 

filters and PAs. 

1.4 Tunable RF Filters and Power Amplifiers 

Bandpass filters are important components of RF front ends used in wireless 

communication and radar systems. Implementing such filters in microstrip technology 

offers many advantages: 1) lower complexity, 2) reduced size and 3) low manufacturing 

cost. Filter designs at low frequencies, such as L and S bands, have the drawback of 

having a bigger size due to larger wavelength values. Techniques have been developed 

to deal with the size reduction [53]. In reconfigurable bandpass filters, the center 

frequency and/or the bandwidth is tuned. Reverse-biased varactor diodes have been 

used to tune the center frequency and the bandwidth of bandpass filters [54]. It has also 

been recently implemented on LCP [55]. RF micro-electromechanical systems 

(MEMS) techniques have been used to design tunable filters in L and S bands [56-57]. 

New tuning techniques have also emerged such as the use of microfluidics to tune: a) 

the absorption frequency of metamaterials [58]; b) microfluidic network to change the 

substrate dielectric constant by means of DI water [59]. Fig. 1.5 shows examples of 

tunable bandpass filters. Because tunable filters using microfuidics on organics have 

not been fully explored, this work details the design and the implementation of a tunable 
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L-band bandpass filter on an LCP layer sitting on top of a microfluidic channel. The 

center frequency was tuned by changing the fluid inside the channel. 

RF PAs are essential components in any transmitter or transceiver module. The 

power requirements for such PAs have been consistently increasing, that is why GaN-

based PAs have caught much attention recently [60]. Hybrid GaN devices have also 

been integrated on LCP for an X-band transmitter (Tx) module [61]. Tunable PAs are 

becoming increasingly important for multiple band applications because they allow 

decreasing the number of required PAs in the system and thus reducing the complexity. 

Several techniques have been investigated in the past to design reconfigurable PAs: 1) 

the use of high-Q band stop filters at the output of the PA for second harmonics removal 

at low frequencies [62], 2) the use of voltage-controlled BST varactors [63] and 3) the 

use of reconfigurable MEMS-based matching networks [64]. Fig. 1.6 shows examples 

for tunable RF PAs. Microfluidics have not been used before to design tunable PAs, 

that is work describes a novel way to combine the advantages of organic substrates and 

    
 (a) (b) (c) 

   

 (d) (e) 

Fig. 1.5 Reconfigurable bandpass filters. Electronically: a) varactors [54] b) RF MEMS varactors 

[57] c) PIN diode [55]. Microfluidically: d) switchable metamaterials [58] e) microfluidic network 

[59]. 
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the high power capabilities of GaN devices by designing a reconfigurable GaN-based 

PA that can work optimally at two different frequencies based on the fluid injected 

inside the matching networks’ micromachined channels. 

 

 

  

  
 (a) (b) 

  
(c) 

Fig. 1.6 Reconfigurable PAs using: a) tunable high Q band-stop filters [62] b) voltage controlled 
BST varactors [63] c) MEMS [64]. 
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PART I 

INTEGRATED MICROFLUIDIC COOLING ON MULTILAYER 

ORGANIC SUBSTRATE 

 

 

 

 

Heat management is an important aspect of any system on package especially 

when a significant amount of heat is being generated from the different mounted 

components on the board. Because organic substrates are bad thermal conductors in 

general (e.g. the thermal conductivity of LCP is 0.2 W.m-1.K-1), microfluidic cooling 

on such substrates becomes an attractive solution because: 1) it offers a higher heat 

dissipation rate compared to other cooling solutions, 2) microchannels can be 

selectively placed beneath the different hot spots and can be easily integrated with the 

rest of the organic structure, 3) it offers thermal and mechanical flexibility, 4) it 

maintains a small size and footprint, and 5) it is a cost-effective solution. The heat 

sources which have been tested on these microfluidic organic packages are active 

GaN/GaAs RF HEMT dies and passive surface mount thin film resistors with different 

power ratings. A thermal model has also been developed for the analysis of such 

microchannels on multilayer organic substrates. 

 

 

  

“I believe there are no questions that science 

can't answer about a physical universe.” 

-Stephen Hawking 
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CHAPTER 2 

STATIC COOLING OF A GAN DEVICE ON MULTILAYER 

ORGANIC SUBSTRATE 

Recently, the integration of III-V devices on LCP has been demonstrated, but at 

lower power levels and with air-cooling [61]. A microfluidic channel on an LCP-silicon 

stack-up has also been investigated [65], as well as silicon based microchannels [49]. 

In this section, a microfluidic channel has been integrated on LCP to cool an X-band 1 

W GaN device using a static (non-moving) mixture of ethylene glycol and water. 

2.1 Theoretical Formulations 

Two material-stack configurations (Fig. 2.1) are chosen to assess the thermal 

properties of the proposed solution. A perfect heat sink (copper) at ambient temperature 

is assumed at the bottom of both structures. Because the fluid is static, the concept of 

thermal resistance is well adapted for both configurations, since calculations using 

thermal resistances of the structures are only valid when there is a combination of solids 

and non-moving fluids. The thermal resistance of each layer is then given by Table 2.1. 

 

TABLE 2.1 
THEORETICAL THERMAL RESISTANCES OF THE DIFFERENT LAYERS 

 k (Wm-1K-1) t (µm) Rth (KW-1) 

Cu 401 18 0.0561 

LCP 1 0.2 203.2 1270 

LCP 2 0.2 76.2 476.25 

EG + H20 (%50:%50) 0.398 127 398.87 

 

  
 (a) (b) 

Fig. 2.1 a) Configuration 1: Copper + LCP 
 b) Configuration 2: Copper+LCP+Fluid 
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The equations below were used, where A is the die active area (1 mm x 0.8 mm): 

 0$� = �ℎ�K L8MM�ℎ8�'�N	KPLQ)K>�R�>S	 × 	�K>�R8	9)�U�K8	��8� = > × � (2.1) 

 0$�_123*7WX = 0$�_�5 + 0$�_Z�[X = 1270.1	a?bX (2.2) 

 0$�_123*7Wc = 0$�_�5 + 0$�_Z�[c + 0$�defg�h = 875.2	a?bX (2.3) 

The mixture of water and ethylene glycol (%50:%50) has a thermal conductivity 

(0.398 W.m-1.K-1) [66] comparable to that of LCP (0.2 W.m-1.K-1) [21] at 20 °C. 

Therefore, the total thermal resistances from the two configurations are of the same 

order. The cooling effect is then not demonstrated through the intrinsic thermal 

properties of the coolant itself but from the motion of the fluid. A slight improvement 

is noticed however for configuration 2 due to the lower value of the thermal resistance 

compared to configuration 1. 

2.2 3D Thermal Simulations 

The improvement in configuration 2 is demonstrated through simulations in 

COMSOL where a 3D electro-thermal model of the real structure is created with 1) 

LCP only, 2) copper only, 3) LCP and a static fluid and 4) LCP and a dynamic fluid. 

The chip (1 mm x 0.8 mm) is modeled as a heat source dissipating 2W of power. The 

length and width of the chip are very small compared to those of the 3 mil thick LCP 

substrate (2 inch x 4 inch). The cavity beneath the LCP, where the fluid is injected, is 

5 mil thick. Fig. 2.2 depicts the simulated steady state which is reached after 10 minutes 

in the package with the static fluid. 

A second simulation has also been performed, the power generated from the 

chip has been swept from 2 W to 10 W in 2 W increments. This sweep has been applied 

to each of the four models mentioned above. The simulation results in Fig. 2.3 show 
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that efficient cooling is obtained mainly by the motion of the coolant in the cavity. The 

difference in the resultant package temperature becomes significantly critical as the 

dissipated DC power is increased. Though at low powers the improvement in 

performance between the static fluid and LCP-only packages is minimal, it can be seen 

 
Fig. 2.2 COMSOL simulation of a GaN chip lying on top of LCP substrate with a microfluidic 
channel heat sink. 

 
Fig. 2.3 Power sweep of generated heat from 2W to 10 W for LCP, copper, static fluid and dynamic 

fluid. 
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that the temperature difference between the two rises proportionally with DC power, 

thereby offering a greater benefit in the high-power applications. 

2.3 Package Fabrication 

The fabrication process starts with a 2 inch x 4 inch double-clad LCP sheet with 

a thickness of 8 mil. The copper is then etched from the bottom side of the LCP where 

a cavity of 5 mil is ablated. The cavity dimensions are 2.2 inch x 0.7 inch. 1.2 mm vias 

are also drilled and serve as access points for the coolant. A 1 mil bond ply is put 

beneath the LCP and is used to laminate the LCP to a 140 um copper sheet to seal the 

cavity. Copper was chosen as it presents a solid and stable support and acts as a heat 

sink removing a part of the heat carried out by the coolant. The top copper is etched to 

open up the vias and pattern metal sheets on top of which will sit the PA chips for 

characterization. A detailed fabrication flow diagram is shown in Fig. 2.4. 

The PAs (4 x 65 um GaN dies biased for Class AB operation) under test are 

mounted on the metal sheet using silver epoxy and cured at a temperature of 140 °C for 

around 40 minutes. The fluid used in the experiment is a mixture of ethylene glycol and 

water with equal proportions. The water (kH2O = 0.6 Wm-1K-1) acts as the effective 

coolant but the Ethylene Glycol (kE.Glycol = 0.27 Wm-1K-1) increases the boiling point 

 
Fig. 2.4 Package fabrication flow. 1) Double clad LCP 2) Copper etching from bottom side 3) 
Cavity ablating and via drilling 4) Lamination 5) Final micro-machined structure. 
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of the mixture from 100 °C to 107 °C (Fig. 2.5). Fluid injection is performed using a 

syringe to fill up the whole cavity. Because we study the static case, pumping 

mechanisms are not needed. Finally we seal the fluid access points by putting a tape to 

trap the liquid inside the micro-cavity. Fig. 2.6 shows the injection of the fluid. 

2.4 Measurement Results 

To evaluate the suitability of the microfluidic package, two performance 

parameters were considered: DC-IV characteristics and transient response. We would 

like to compare first the DC-IV curves of the die sitting on a microfluidic channel with 

those of the die sitting on a metal chuck. The tests were carried out by directly probing 

the die. Maury Microwave’s Automated Tuner System (ATS) was used to measure the 

I-V characteristics, conduct load-pull measurements as well as the consequent power 

sweeps. 

 
Fig. 2.5 Boiling point vs Percentage of Ethylene Glycol in water [66]. 

 

Fig. 2.6 Ethylene Glycol+Water injection into the micro-cavity. 
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The output characteristic (VDS vs. ID) of the device either on the metal chuck or 

the package is shown in Fig. 2.7. It can be clearly seen that for a given bias point, ID is 

larger in the case where the device is tested on the chuck. This illustrates that heat is 

more readily removed from the device, thus avoiding current decay. 

Source- and load-pull measurements were conducted to identify the optimum 

impedances for maximum gain. These corresponded to Zsource = 13.18 + j50.06 Ω and 

Zload = 51.02 + j43.6 Ω. A transient response was measured for a constant input power 

(Pin = 7 dBm), frequency (f = 10.5 GHz) and source/load impedances (optimal), 

 
Fig. 2.7 A comparison of the GaN HEMT’s I-V output characteristic. 
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Fig. 2.8 Transient response of the die, comparing performance on LCP only and static microfluidic. 
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sampling output power every 10 seconds over a period of 10 min. The biasing 

conditions are VDS = 14V and VGS = -1.5 V. This input power level corresponds to a 

PAE of 15% and the biasing conditions indicate a consumption of 1.68 W of DC power. 

The effective DC power dissipated through heat is then 1.68 W x 85% = 1.428 W. 

Under these conditions, it was observed (Fig. 2.8) that the die sitting on LCP or static 

microfluidics does not result in markedly different performance levels, once again 

supporting the simulations performed. 

2.5 Summary 

A microfluidic channel has been integrated into a flexible, low-cost and organic 

package. The channel was filled with a mixture of ethylene glycol and water. Thermal 

simulations, which compare the use of LCP only, a static fluid or a dynamic fluid, have 

been carried out. Finally, a GaN-based X-band PA has been demonstrated on this 

micromachined package with static fluid and showed no significant difference in 

performance with comparison to tests done on LCP only, thus clearly demonstrating 

the need for dynamic microfluidics in future packages in order to mitigate thermal 

effects in high-power applications with such materials. 
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CHAPTER 3 

DYNAMIC COOLING OF HIGH POWER PASSIVE AND 

ACTIVE DEVICES ON MULTILAYER ORGANIC SUBSTRATE 

It has been demonstrated in the previous chapter that a dynamic (moving) fluid 

is required in these types of microfluidic structures to provide efficient cooling 

especially for high power applications. Therefore, this chapter describes the 

implementation of a multilayer organic microfluidic structure with: 1) dynamic DI 

water, and 2) high power heat sources. Because of the motion of the fluid inside the 

microchannel, it is not possible anymore to use the simple thermal resistances 

calculations used in the last chapter. Therefore, a more complete and complex model is 

required to predict the total thermal resistance of the system. The details of the modeling 

part is discussed in the next chapter. 

3.1 General Model for a Packaged Heat Source 

Before discussing the dynamic cooling case, it is very important to understand 

the heat source specifications and its power limitations in order to extract the thermal 

properties of the heat sink to be used. For that, a simplified version of a packaged heat 

source is shown in Fig. 3.1. This general model includes: 

 
Fig. 3.1 Simplified model of a packaged heat source on top of a heat sink with a representation of 

various interface thermal resistances. 
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• A heat source: can be a resistor, a PA, or any source of heat. We assume a 

temperature �= (junction temperature). 

• Case (or body): used to package the heat source and can be made of different 

materials and sizes. We assume a temperature �� for the case. 

• A heat sink: can be a large metal chuck, thermal vias, heat pipes, microfluidic 

channel or any heat sink. We assume a temperature �< for the heat sink. 

• Ambient temperature: the initial condition for the temperature of the system at 

t=0 is set to �k. 

The thermal resistances in Fig. 3.1 can be rearranged in what is known as the 

lumped thermal model as shown in Fig. 3.2, where the dissipated power � and the 

temperature nodes �7 can be assimilated to an electrical current and to electrical 

voltages respectively. The different thermal resistances are derived as follows: 

Junction-to-Case thermal resistance: 0=� = �= − ���  (3.1) 

Case-to-Sink thermal resistance: 0�< = �� − �<�  (3.2) 

Sink-to-Ambient thermal resistance: 0<k = �< − �k�  (3.3) 

Case-to-Ambient thermal resistance: 0�k = 0�< + 0<k = �� − �k�  (3.4) 

Junction-to-Ambient thermal 

resistance: 
0�k = 0=� + 0�< + 0<k = �= − �k�  (3.5) 

The junction temperature �= and the case temperature �� can be derived from (3.1) and 

(3.4) respectively and can be rewritten as: 

 
Fig. 3.2 Packaged heat source lumped thermal model. 
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 �= = �� + 0=�� (3.6) 

 �� = �k + 0�k� (3.7) 

Depending on the technological and dimensional characteristics of the heat 

source, a temperature �=	
�  is always specified as the maximum junction temperature 

of the heat source. So the idea behind any cooling scheme is to maintain the following 

inequality at all times: 

 �= ≤ �=	
�  (3.8) 

By using (3.6), the inequality in (3.8) can be rewritten as: 

 �� ≤ ��no�p (3.9) 

or: 

 � ≤ �#o��p (3.10) 

where: 

 ��no�p = �=	
� − 0=�� (3.11) 

 �#o��p = '�L q�=	
� − ��0=� , ������r (3.12) 

where ������ is the maximum power rating specified by the datasheet at a certain 

temperature ��	
�  (also denoted as ������@��	
�) which is given by: 

 ��	
� = ��nt������u = �=	
� − 0=�������  (3.13) ��	
�  is the maximum case temperature for a heat source dissipating ������ of power, 

the power starts to immediately to derate for case temperatures above ��	
�  with a slope 

of 1 0=�v . ��no�p represents the maximum case temperature for a given dissipated 

power while �#o��p represents the maximum dissipated power for a given case 

temperature. The heat source power derating curve (Fig. 3.3) can be derived from (3.10) 

and (3.12) by visualizing � as a function of ��. It can be seen from Fig. 3.3 and (3.13) 

that 0=�  can be expressed as: 

 0=� = �=	
� − ��	
�������  (3.14) 
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Fig. 3.3 Heat source power derating curve (dissipated power safe operating range). 
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Fig. 3.4 Case temperature safe operating range. 
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Fig. 3.5 Infinite values of (������, ��	
�) pairs in the solid black region. 
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The heat source safe operating range can also be visualized by plotting �� as a 

function of � (Fig. 3.4). From Fig. 3.3, it can be noted that the value of the pair (������ , 

��	
�) is not unique as any combination along the dashed green line would also be valid 

(Fig. 3.5). The theoretical extreme boundaries of such pairs are (
!w	
�b!xywz , �k) and (0, 

�=	
�), but in practice it is usually the case that 0 < ������ < !w	
�b!xywz  and �k < �� <
�=	
� . It can be proven that, given a pair (������| , ��	
�|) for a certain heat source, the 

new pair (������� , ��	
��) can be calculated using the following equations: 

For a fixed ��	
��: ������� = �=	
� − ��	
���=	
� − ��	
�| ������|  (3.15) 

For a fixed ������� : ��	
�� = �=	
� − �=	
� − ��	
�|������| �������  (3.16) 

In Fig. 3.5, �=	
�  is determined based on the heat source technology and the 

packaging materials used. For example, the typical value of �=	
�  for GaAs and AlN is 

150 °C while �=	
�  reaches 225 °C for GaN. The physical dimensions of the heat 

sources affect the value of 0=� , in general 0=�  is a decreasing function of the heat source 

surface area. Based on this analysis, �=	
� and 0=�  are the only hard values fixed by the 

physical implementation, the values of ������  and ��	
�  can vary as depicted in Fig. 

3.5. It is extremely important to specify the maximum power rating ������  at a certain 

temperature ��	
� , for example, given the same heat sink characteristics, a power 

resistor on an AlN substrate (�=	
� = 150	°�) rated at 50 W @ 100 °C (0=� = 1	°�/?) 

can be easily cooled compared to a resistor rated at 50 W @ 70°C (0=� = 1.6	°�/?). 

That is why, it may be confusing for many people to distinguish between the two 

scenarios, it can often be very misleading to only say that the heat source is a 50 W 

resistor without specifying the maximum case temperature. Another example is to note 

that two power resistors based on the same technology (e.g. �=	
� = 150	°�) rated at 
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50 W @ 25 °C and 20 W @ 100 °C respectively are actually the same (by using (3.15) 

and (3.16)). 

To extract the constraints that the heat sink should satisfy for a certain heat source, (3.8) 

can be rewritten as: 

 0�k ≤ 0#o�, �kp (3.17) 

where: 

 0#o�, �kp = �=	
� − �k� − 0=�  (3.18) 

A sufficient condition on 0�k can be obtained to satisfy (3.17) by writing: 

 0�k ≤ 0�k	
�o�kp (3.19) 

where: 

 0�k	
�o�kp = 0#t������ , �ku = ��	
� − �k������  (3.20) 

It has to be noted that the case-to-ambient thermal resistance 0�k is equivalent to the 

heat sink thermal resistance. Therefore, 0�k	
�o�kp represents the maximum heat sink 

thermal resistance at a certain ambient temperature �k in order to maintain the junction 

temperature of the heat source below �=	
�  (or to satisfy (3.8)). Fig. 3.6 is a plot of 0�k 

as a function of the dissipated power �. 

 

Fig. 3.6 Heat sink thermal resistance safe operating range. 
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Equation (3.20) and Fig. 3.6 show that 0�k	
�  is a decreasing function of �k which 

validates the intuition that the constraints on the heat sink should be “tougher” when 

the ambient temperature is higher. 

(3.14) and (3.20) give a mean of immediately extracting the thermal properties of the 

heat source and the heat sink at the same time by only using the information given in 

the heat source power derating curve (Fig. 3.3). An example of a real derating curve for 

a commercial 20 W @ 100 °C power resistor is shown in Fig. 3.7 (a percentage of 

������  is used instead of ������  in the y-axis in order to be able to reuse the same 

derating curve for the same resistors made out of the same technology). The thermal 

information can be easily calculated:  0=� = X�.bX..c. 	°�/? = 2.5	°�/? and 0�k	
�  

can be evaluated using different values of �k, e.g. 0�k	
�o25	°�p = X..bc�c. 	°�/? =
3.75	°�/? and 0�k	
�o85	°�p = X..b��c. = 0.75	°�/?. 

By using (3.7), it can be seen that �� is a first order linear function of �, so in 

order to experimentally determine 0�k, one can sweep the power � and record several 

data points ��o�p, the slope of the resulting line is exactly 0�k. As a final note, any 

given heat sink does not have a fixed thermal resistance 0�k. 0�k depends on the heat 

source to be cooled as well, the general trend shows that 0�k goes down as 0=�  goes 

down. 

 
Fig. 3.7 Power derating curve of a commercial 20 W @ 100 °C power resistor [67]. 
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3.2 Organic Heat Sink Stack-up and Heat Sources Description 

The organic microfluidic heat sink consists of a 50.8 um (2 mil) layer of LCP 

on top of a 381 um (15 mil) Duroid channel where the fluid can circulate. Fig. 3.8 is a 

cross sectional view of the multilayer structure along with the different dimensions. The 

thermal model for such a complex structure is described in the next chapter.  

The passive heat source used in this experiment is a 20 W surface mount thin 

film resistor derated at �� = 100	°� for a maximum junction temperature rise of 

�=	
� = 150	°�. The junction-to-case thermal resistance of this device is 0=� =
2.5	°�/?. To operate this device at its full power rating (������ = 20	?), the 

equivalent maximum thermal resistance that should be presented by any heat sink, at 

an ambient temperature �k = 25	°� is 0�k	
�o25	°�p = 3.75	°�/?. The resistive 

element used is tantalum nitride on an aluminum nitride substrate. The size of the 

resistor is 6.22 mm x 6.22 mm. Fig. 3.9 is a top view picture of the resistor.  

 
Fig. 3.8 Cross section of the multilayer organic structure. 
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15 mil Duroid 15 mil Duroid

 

Fig. 3.9 Top view of the 20 W resistor heat source. 
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The active device is a 5 W discrete power GaAs HEMT, it was fabricated using 

standard 0.25 um power pHEMT production process. It consists of 16 unit cells with a 

gate width of 0.5 mm each. The power density for this process is 1 W per millimeter 

gate width, which translates into a total maximum power dissipation of 8 W for the 

actual die. A power divider and a power combiner are positioned at the gate and drain 

side respectively. The RF input and output ports are Ground-Signal-Ground (GSG). 

The overall size of the active area of the die is 2 mm x 1.5 mm. Fig. 3.10 shows the 

layout design of the discrete GaAs bar die. 

3.3 Fabrication Procedure 

For the fabrication procedure, 15 mil double copper clad RO3003 panel is used 

with a size of 6 inch x 6 inch. The copper is etched out from both sides of RO3003 and 

1.4 inch x 0.6 inch cavities are ablated on it. This sheet is then placed between two bond 

plies that are 1 mil thick. Copper is etched out from one side of a 2 mil ULTRALAM 

3850 sheet and vias with a diameter of 1.2 mm are drilled on it using a CO2 laser. A 6 

mil copper shim is placed at the bottom to ensure a good mechanical support of the 

 

Fig. 3.10 16 x 0.5 mm GaAs bar die layout. 
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structure and to enhance heat dissipation thanks to copper excellent thermal 

conductivity (401 Wm-1K-1). The top metal layer is patterned to open up the vias. For 

continuous fluid injection and circulation, 2.4 mm tubes are attached to the vias, using 

a commercial plastic epoxy, one of the tubes is connected to a micropump. Fig. 3.11 (a) 

shows a disassembled channel where the capping LCP layer was removed. The resistor 

is soldered to the top metal layer along with electrical wires for biasing (Fig. 3.11 (b)), 

a small layer of thermal paste is placed beneath the resistor to enhance the thermal 

transfer. For the active device, the GaAs die is first attached to a 6 mil copper shim 

using indium silver, then the shim is soldered to the top surface of the microfluidic 

channel where a small layer of thermal paste is deposited (Fig. 3.11 (c)). Following this 

procedure offers many advantages: 1) good adhesion of the indium silver 2) capability 

of testing the die on the shim before attaching it to the microchannel 3) providing a flat 

mechanical support for the die 4) increasing the surface area of the interface layer 

between the die and the microchannel 5) avoiding the use of other poor thermal 

conductors for die-attach. 

 

Fig. 3.11 a) Disassembled microfluidic channel. 

 b) Passive resistor on a microfluidic channel. 

 c) Active die on a microfluidic channel. 
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3.4 Measurements and Results 

The case temperature of the resistor is measured using a 40 AWG K-type 

thermocouple placed at the resistor-LCP contact plane. The water temperature is 25 °C 

and the flow rate ranges from 300 ml/min to 350 ml/min. Fig. 3.12 compares modeled 

and measured temperature gradients for static and dynamic water. The results show that 

the resistor can be cooled up to 12.3 W dissipated power with water flow at room 

temperature, while the maximum dissipated power should not exceed 7 W in case of no 

water flow. The measured thermal resistance of the heat sink in the case of water flow 

(7.69 °C/W) is higher than the value calculated in Section 3.2 (3.75 °C/W), which 

explains why the resistor cannot reach its full maximum power rating of 20 W. 

The GaAs die is biased for DC operation using 150 um GSG probes. When the 

GaAs die is DC biased, all of the power is dissipated into heat, which makes it a good 

case study in terms of thermal heat dissipation. Under RF operation, the power added 

efficiency (PAE) becomes non zero, at that point the dissipated power �+7��7� can be 

determined for any input power level based on load pull measured data (Fig. 3.13) using 

the following equation: 

 

Fig. 3.12 Measured and modeled case temperature vs dissipated power. 
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 �+7��7� = o�25$ − �73p × 1 − ������  (3.21) 

where �73 and �25$  are respectively the input and output power of the transistor. The 

analogy between RF and DC lies in the choice of the right quiescent point in DC mode 

that makes the transistor dissipate the same amount of heat in the RF regime. The 

temperature measurements are taken using IR thermal imaging.  

The active die is placed on a metal chuck with a baseplate temperature of 60 °C. 

The water temperature is 25 °C and is pumped into the microchannel with a flow rate 

ranging from 300 ml/min to 350 ml/min. Results using the IR camera (Fig. 3.14) show 

that the center region is heating up while the source and drain fingers should be the only 

regions dissipating the maximum heat. The explanation to that may come from the non-

perfect contact of the metal chuck and the channel that is slightly bent to allow a smooth 

fluid circulation. The die could still be cooled down to operate at 3.45 W at 60°C using 

this cooling technique for a maximum junction temperature of 130 °C. 2.45 W is the 

maximum dissipated power at 60 °C in the case of static water. 

 
Fig. 3.13 Measured dissipated power vs input power for the GaAs die at 9.3 GHz. 
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3.5 Summary 

An integrated microfluidic solution for cooling high power devices on 

multilayer organic substrate has been presented. A 20 W surface mount thin film power 

resistor was cooled by circulating DI water inside a 15 mil thick microfluidic channel. 

The passive device could be operated up to 12.3 W with flowing water at 25 °C, 

showing a net improvement of 5.3 W compared to the no flow case. A 5 W discrete 

power GaAs pHEMT was cooled to operate at 3.44 W at 60 °C compared to 2.45 W 

operation despite the fact that the die was showing minor thermal degradation due to 

the non-uniform heat distribution at the interface layer between the microchannel and 

the metal chuck. The passive resistor was cooled efficiently because it presented a 

bigger active surface area compared to the active die. 

 

 

  

    
 (a) (b) 

Fig. 3.14 IR thermal image of the GaAs die with a power dissipation of 2.45 W with a) no water 

flow b) water flow. 
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CHAPTER 4 

THERMAL MODELING OF MICROFLUIDIC CHANNELS ON 

MULTILAYER ORGANIC SUBSTRATE 

It has been stated in the last chapter that a simple model cannot accurately 

predict the thermal behavior of the microfluidic system because of the motion of the 

fluid inside the microchannel and because of the complex geometries involved. 

Therefore, this chapter presents a complete thermal model to fully predict the thermal 

resistance of the microfluidic structure. The model is validated by comparing the values 

extracted from the model with real measurements. In order to get a reliable comparison, 

several heat sources with different power ratings and sizes have been used as well as 

microchannels with different thicknesses. 

4.1 Thermal Model 

The multilayer microfluidic structure consists of a 50.8 um (2 mil) LCP layer 

with a micromachined Duroid channel beneath it. The microchannel thicknesses 

studied are 254 um (10 mil), 381 um (15 mil), 508 um (20 mil) and 762 um (30 mil). 

The surface mount resistors are modeled as uniform rectangular heat sources sitting on 

top of the LCP layer. The spreading of the heat is subject to four concurrent heat transfer 

mechanisms: conduction, forced convection, natural convection and thermal radiation. 

An important factor to consider as well is the spreading effect that is occurring at the 

top layer because of the small heat source to substrate area ratios. It will be shown later 

that natural convection and thermal radiation can be neglected for the scope of this 

work. Fig. 4.1 shows the layers of the microfluidic organic structure along with the 

different types of heat transfer involved. Table 4.1 gives the dimensions and the thermal 

conductivities for each individual layer. 
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4.1.1 Multilayer Heat Transfer 

A part of the dissipated heat travels from the bottom carrier of the resistor and 

propagates in a 3D isotropic way along the LCP layer. The temperature distribution 

calculations should take into account the multilayer nature of the structure. For a quick 

but less accurate approximation, an average value of cross-plane and in-plane thermal 

conductivities can be used to estimate the effective thermal conductivity of the structure 

[68]: 

Cross-plane thermal conductivity:  � = ∑ >7�7�X∑ >7  7⁄�7�X 	 (4.1) 

In-plane thermal conductivity: 	 � = ∑ >7 7�7�X∑ >7�7�X  (4.2) 

 
Fig. 4.1 2D cross section of the multilayer organic structure with heat circulation paths. 

TABLE 4.1 
LAYERS PROPERTIES OF THE MICROFLUIDIC STRUCTURE 

Layer 

No. 

Layer 

Material 

Thermal Conductivity 

– k (W/(m.K)) 

Thickness - t (um) 

1 Cu 401 152.4 

2 Duroid 0.5 254, 381, 508 or 762 

DI water 0.6 254, 381, 508 or 762 

3 LCP 0.2 50.8 
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Effective thermal conductivity:  �** = �R8���8o �,  �p (4.3) 

where >7 and  7 are respectively the thickness and thermal conductivity of layer i, i = 

1..3. To simplify the calculation over layer 2, DI water and Duroid can be assimilated 

into one single layer of thermal conductivity >c = 0.6	?/o'.ap. This is a valid 

approximation since the thermal conductivities of the two materials have very close 

values, however this can only be applied to the static DI water case. In (4.3) the average 

function can be a harmonic, a geometric or an arithmetic mean. The problem with this 

approach is that  �** depends on the average function used, the averaged values are 

spread out between  � and  � (Table 4.2). The other problem is the fact that this 

simplistic model does not take into account the heat spreading effect. Therefore, using 

the known formula 0 = Z����k  to predict the heat sink thermal resistance yields 

erroneous values. 

To solve this issue, an exact recursive relation was developed by Albers in [69] 

to calculate the steady-state surface temperature for any number of layers in a multilayer 

structure. The solution presented in [69] is adapted to the microfluidic structure 

illustrated in Fig. 4.1 with the following conditions: 1) there is a unique rectangular heat 

source placed at the center of the structure, 2) layer 2 is replaced with uniform DI water, 

3) the heat generated by the heat source is uniform and constant over time, 4) the 

temperature is evaluated at the center of the heat source and 5) the boundary condition 

(B.C.) at the bottom Cu layer is an isothermal B.C. (this is a limitation of the model). 

TABLE 4.2 
EFFECTIVE THERMAL CONDUCTIVITY WITH THREE DIFFERENT AVERAGE 

FUNCTIONS 

Harmonic Mean Geometric Mean Arithmetic Mean 2 � � � +  � � � � 
 � +  �2  

1.08 W/(m.K) 5.88 W/(m.K) 32.13 W/(m.K) 

*values calculated for a microchannel thickness t2 = 762 um (30 mil). 
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Fig. 4.2 shows a 3D view of the structure. Table 4.3 summarizes the formulas needed 

to compute the multilayer thermal resistance. The thermal resistance in (4.4) is derived 

from (23) in [69], which is the top surface temperature formula for an N-layer structure. 

The series diverges for (n,m)=(0,0), therefore the corresponding term  has been 

calculated in (4.9) by developing the recursive formula in (4.8) for a very small � (� →
0). Equation (4.5) is the dimensionless geometrical distribution factor and is simplified 

into a closed-form expression in (4.6) for the single heat source case. 

 
Fig. 4.2 Multilayer model adapted to the microfluidic case study. 

TABLE 4.3 
MULTILAYER THERMAL RESISTANCE 

Entity Description Unit Expression  

0�56$7o@, Sp multilayer thermal resistance °C/W 
1���&�� >7 7

�
7�X + 4 � � �oL,'pH�oL,'p cos �L�@�� �Kos	�'�S�& �o�3,. + 1po��,. + 1p�oL,'p��

o3,�p�o.,.p � (4.4) 

�oL,'p heat source geometrical 

distribution factor – general form 
-     �o@, Sp cos �L�@�� � cosq'�S�& rQ@QSZ¡

.
Z�
.  (4.5) 

�oL,'p heat source geometrical 

distribution factor – single heat 

source 

- cos¢L��� �£� + 9�2 �¤M�LK �L��� 9�2 � cos¢'��& �£& + 9&2 �¤ M�LK q'��& 9&2 r 

 

(4.6) 

t£� , 	£&u bottom left corner coordinates of 

the heat source 

m ��� − 9�2 , �& − 9&2 � (4.7) 

oL,'p, 	H�oL,'p thermal recursion relation - >�Lℎo�>Xp,  �bX>�Lℎo�>�p +  �H�bX �bX +  �H�bX>�Lℎo�>�p (4.8) 

	H�o0,0p thermal recursion relation – (� →0) 
-  ��� >7 7

�
7�X  (4.9) 

�oL,'p separation of variables constant m-1 ¥�L����c + q'��& r
c
 (4.10) 

�7,. Kronecker delta - 1 if i = 0, 0 otherwise  

*Sx x Sy and Lx x Ly are the respective areas of the heat source and the LCP layer. N = 3. 

 



41 

 

4.1.2 Forced Convection 

As discussed in the previous section, the multilayer model allows only an 

isothermal B.C. at the bottom layer (� = �.). When dealing with dynamic water, forced 

convection requires a Robin B.C. at that layer with a convective heat transfer coefficient 

ℎ (
¦!¦§ = − �� o� − �.p). Therefore, the previous model only works for solid and static 

layers. To model the forced convection effect, a thermal model has been developed by 

Lee et al. in [70] to estimate the temperature rise for a circular heat source centered on 

top of a single circular layer with convective cooling at the sink surface. In contrast 

with Albers model, although Lee’s solution works only for a single layer, it uses a Robin 

B.C. which allows defining a convective coefficient ℎ at the bottom boundary. For the 

single layer case, Albers model is in fact a particular case of Lee’s model when ℎ → ∞. 

Fig. 4.3 is a 3D view of the equivalent structure of the microfluidic stack-up adapted 

for convective cooling modeling. ��  and �� are the surface areas of the heat source and 

the microchannel layer respectively, > is the thickness of LCP,   is the thermal 

conductivity of LCP and ℎ is the convective heat transfer coefficient originating from 

DI water motion inside the microchannel. Because this study focuses on rectangular 

geometry, it is necessary to transform the rectangular problem into a circular one using 

the following equations as given in [70]: 

 
Fig. 4.3 Convective model adapted to the microfluidic case study. 
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 � = ¥���  (4.11) 

 � = ¥���  (4.12) 

The relative error introduced by this transformation is insignificant when the area ratio 

k©kª is small; the error increases when this ratio becomes large. However, for large area 

ratios, the constriction resistance is often much smaller than other thermal resistances 

in the system that this error has minimal to no effect on the overall thermal resistance. 

Dimensionless parameters are calculated from ��, ��,  , > and ℎ: C = � �⁄ , H = > �⁄ , 

�� = ℎ�  ⁄ . The forced convection thermal resistance is given by: 

 0*1 = 1 «�� ¢ CH√� + C√��� + 2√�� ­XoD3CpD3c 	­.coD3p
�
3�X Φ3¤ (4.13) 

 

where ­. and ­X are Bessel functions of the first kind of order 0 and 1. D3 is the nth root 

of ­X and Φ3 is given by: 

 Φ3 = >�LℎoD3Hp + D3��1 + D3�� >�LℎoD3Hp (4.14) 

0*1 can also be written as: 

 0*1 = 0� + 0* + 01 (4.15) 

where: 

 0� = 1 «��
CH√� = > �� (4.16) 

 0* = 1 «��
C√��� = 1ℎ�� (4.17) 

 01 = 1 «��
2√�� ­XoD3CpD3c 	­.coD3p

�
3�X Φ3 (4.18) 
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While the parameters  , >, �� and �� can be easily determined, ℎ is a non-

constant coefficient and depends on three parameters: the fluid intrinsic properties, the 

fluid flow rate and the channel geometry and dimensions. The fluid intrinsic properties 

are the viscosity, the thermal conductivity, the specific heat and the density. All these 

parameters vary with the fluid temperature. The channel geometry is also an important 

factor, rectangular channels are investigated in this study, Fig. 4.4 shows an illustration 

of such channels.  

The procedure to calculate ℎ is to determine the Nusselt number through some 

approximate correlations. Many correlations can be found in literature [71] and they all 

depend on the type of flow: 1) laminar, transitional or turbulent, 2) 

hydrodynamically/thermally developing or fully developed, 3) constant heat flux or 

constant temperature. In all studied cases in this chapter, the type of flow is laminar 

because the Reynolds number satisfies 08 < 2300. The experimental study in this 

work involves sweeping the power dissipated by a heat source, which translates into a 

constant heat flux problem. In order to assess whether the flow is thermally developing 

or fully developed, the channel length � is compared to the thermal and hydraulic entry 

lengths �$ and ��. For a laminar flow, these lengths are given by [72]: 

 �$ = 0.05	08���� (4.19) 

 
Fig. 4.4 Flow in rectangular microchannels. 
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 �� = 0.05	08�� (4.20) 

In this work, the flow is thermally developing because �� < � < �$.  
In order to derive general formulas to see how ℎ varies as a function of the 

different system parameters, a correlation for thermally developing laminar flow with 

a constant heat flux in circular ducts is used [73]: 

 () = ®̄
°1.953 �08�� ��� �X �v 															08�� ��� ≥ 33.3
4.364 + 0.0722	08�� ��� 						08�� ��� < 33.3	 (4.21) 

where the hydraulic diameter is defined in the case of rectangular channels as: 

 �� = 2?>�o? + >�p (4.22) 

The convective coefficient is related to the Nusselt number by the relation: 

 ℎ = ()	 ���  (4.23) 

This correlation can be written as a general expression of the form � + � �08�� ³Ź �X 3v
, 

the following derivations are based on this general form. It can be shown that: 

 ℎ� =µ�$¶· KX ¸����
3bX3 o1 + �p3bc3 ¹ + Kc º���� o1 + �p» (4.24) 

where KX and Kc are two non-geometrical constants, � = $¶· is the thickness to the width 

ratio of the channel and � is the channel length. The overall goal is to minimize 0*1. 

Based on equations (4.15) to (4.18), the important parameters that can influence 0*1 are 

ℎ, � and ℎ� (0*1oℎ, �, ℎ�p = 0�o�p + 0*oℎ�p + 01oℎ, �p). In (4.24), ℎ and � are not 

independent, because of that it is important to consider ℎ� as a separate variable to 

assess the influence of the geometrical parameters. As an example, if the value of W 

decreases while maintaining a constant � then ℎ� does not change but ℎ increases. 

Table 4.4 shows the direction of variation of different parameters when the channel 
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thickness and width decrease, 0*1 decreases in both cases. 

Equation (4.24) can be rewritten in another form to reflect the effect of fluid 

properties on the convective heat transfer coefficient ℎ: 

 ℎ = K�tF/��uX3	o �p3bX3 + K¼ � (4.25) 

where K� and K¼ are two geometrical constants. Intuitive expectations can be extracted 

from (4.25): a higher fluid specific heat, flow rate, density, thermal conductivity and 

flow rate would increase the value of ℎ. 

 In a recent 2014 paper from Smith et al. [74], correlations have been developed 

for laminar thermally developing flow in rectangular channels and parallel plates with 

uniform heat flux for all aspect ratios A = Xµ = ·$¶. It is exactly the type of channels we 

are trying to model, therefore the average Nusselt number correlation in [74] has been 

chosen for this work: 

 () = t()�∗→.� + ()*+�uX �v  (4.26) 

 ()*+ = 8.235 �1 − 2.0421A + 3.0853Ac − 2.4765A� + 1.0578A¼ − 0.1861A� � (4.27) 

 ()�∗→. = 2.053 �1 − 1.016A + 1.281Ac − 0.5659A� � @∗� (4.28) 

 @∗ = @ 08����⁄  (4.29) 

 '	 = 	−0.3302 �1 + 0.1083A − 0.06569Ac � (4.30) 

 (	 = 	3.673 �1 − 0.3279A + 0.2924Ac � (4.31) 

TABLE 4.4 
VARIATION OF THE CONVECTION THERMAL RESISTANCE WITH CHANNEL 

THICKNESS AND WIDTH 

 � � ℎ ℎ� 0� 0* 01 0*1 >� ↘ ↘ - ↗ ↗ - ↘ ↘ ↘ ? ↘ ↗ ↘ ↗ ↘ ↗ ↗ ↘ ↘a 
a 0� and 0* are very small  compared to 01 for ? >?. = �� �⁄ . 01 decays rapidly to zero 

when ? =?. (�� = ��). However, in practice, ? ≫?.. 
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with @ evaluated at half the channel length (@ = Zc). 
Fig. 4.5 shows the effect of >� and ? on 0*1, the plots were obtained for �� =

6.22	'' × 6.22	''	o0.245	�LKℎ	 × 0.245	�LKℎp, � = 3.556	K'	o1.4	�LKℎp, > =
50.8	)'	o2	'�Np,  = 0.2	?/o'.ap, / = 150	'N/'�L, ? = 1.524	K'	o0.6	�LKℎp 
for Fig. 4.5 (a) and >� = 762	)'	o30	'�Np for Fig. 4.5 (b). The fluid used is DI water. 

Fig. 4.5 (a) shows that a 254 um (10 mil) channel is “thermally” better than a 762 um 

 
(a) 

 
(b) 

Fig. 4.5 Variation of the forced convection thermal resistance with a) channel thickness b) channel 

width. 
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(30 mil) channel. This trend can also be derived from the fact that ℎ is inversely 

proportional to �� in case () is taken as a constant. Therefore, a thinner channel would 

theoretically yield a better ”thermal” performance, but for good mechanical support of 

the heat source and, more importantly, for a reliable fluid circulation inside the 

microchannel, the channel thickness cannot be infinitely small. For fabrication 

purposes, it is recommneded to keep it above 254 um (10 mil). 

4.1.3 Natural Convection 

The natural convection coefficient calculation as well relies on Nusselt number 

correlations found in literature [75]. While forced convection uses the Reynolds 

number, natural convection, on the other hand, uses the Rayleigh number. Correlations 

depend on the surface geometry, on its orientation, on the fluid and on the flow type. In 

order to use correlations from literature, the heat source is assumed to behave like a 2D 

rectangular horizontal surface with laminar air flow. Laminar flow correlations for 

horizontal surfaces are generally of the form [75]: 

 () = �0�3 (4.32) 

where � and L are two constants.  

The Nusselt number depends on the characteristic length �� of the rectangular 

surface, which is given by: 

 �� = ��� = 9�9&2t9� + 9&u (4.33) 

where �� and � are respectively the surface area and the perimeter of the surface. �� is 

an increasing function of 9� and 9& and therefore increases with increased heat source 

size. If (4.32) is used to determine (), then the natural convective heat transfer 

coefficient ℎ� can be written as: 

 ℎ� =  �� q���Bo�� − ���:pEc r3 × 1��Xb�3 (4.34) 
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 �, B, E and �� values for air should be evaluated at the film temperature �*: 

 �* = �� + ���:2  (4.35) 

The natural convection thermal resistance 031 	is calculated over the heat source surface 

area �� using the following equation: 

 031 = 1ℎ��� (4.36) 

This thermal resistance decreases with increasing values of �� and ℎ�. For the best case 

scenario where �� and ℎ� are taking maximum values, 031 can be evaluated to assess 

the influence of natural convection. For �� = 9.4	''	@	9.4	'' (maximum heat 

source size in this work) and ℎ� = 30	?/o'c. ap (typical maximum free convection 

value for air), 031 = 377.24	°�/?. This shows that natural convection, for this 

application, does not play a big role in heat dissipation compared to conduction or 

forced convection especially  that 031 will have a much bigger value for lower values 

of �� and ℎ�. The 3D thermal simulations also confirm that natural convection can be 

neglected. 

4.1.4 Thermal Radiation 

 Thermal radiation calculations use Stefan-Boltzmann law for a grey body 

applied to our heat source with an emissivity �, the radiated power can be calculated 

as: 

 �
�+ = ���Go��¼ − ���:¼ p (4.37) 

To prove that thermal radiation can be neglected, �
�+ is evaluated in the same way 

031 was evaluated in the last section where maximum values of ��, �� and � are chosen. 

For �� = 9.4	''	@	9.4	'', �� = 150	°� and � = 1, �
�+ = 2.53	'?. If we 

consider, in average, that 10 W is dissipated when this heat source temperature reaches 

150 °C, the radiated power constitutes only 0.025 % of the overall dissipated power. 
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This contribution is even lower when we consider smaller heat sources, lower junction 

temperatures and real emissivity values. Therefore thermal radiation can be neglected 

and will not be considered in the thermal model. 

4.1.5 Contact Thermal Resistance 

A thermal contact resistance 0123$�1$ is present to account for the non-perfect 

surface contact at the device-heat sink interface. The thermal interface material (TIM) 

used in this work is a commercial thermal grease. Models for the contact resistance 

between two surfaces with a TIM layer in between have been investigated in the past 

[76-77]. Other models were also developed in [78] and [79] but they are difficult to use 

because the values for material hardness and microhardness are rarely reported in 

datasheets; that is also the case for the materials used in this work. For a first 

approximation, in case it is assumed that enough pressure is applied on the heat source, 

the contact thermal resistance can be estimated as follows: 

 0123$�1$ ≈ ��� !"#�� (4.38) 

where ��� is the bond line thickness,  !"# is the thermal conductivity of the thermal 

grease and �� is the heat source surface area. In general, the bond line thickness ��� 

is not a constant and depends on the applied pressure. However, for most thermal grease 

compounds, this value is often estimated to be around 50.8	)'	o2	'�Np [80]. Based on 

that, it is assumed in this work that  ��� = 50.8	)'	o2	'�Np and is not dependent on 

pressure. 

4.1.6 Lumped Parameter Thermal Model 

The final lumped thermal model reflects the fact that conduction and forced 

convection are the two predominant heat transfer mechanisms. Heat is generated at the 

junction level and goes through the case or body of the device with a thermal resistance 

041. Heat is then conducted to the bottom Cu layer with a thermal resistance 0��  after 
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passing through the thermal grease layer with a contact thermal resistance 0123$�1$. 0�� 
can either be equal to 0�56$7 in the case of static water (no flow) or it can be equal to 

0*1 in the case of dynamic water (flow). The models and the 3D simulations all consider 

a 2D heat source and therefore 041 is not taken into account in the model (the 

temperatures derived give immediately the junction temperature �=), however, as far as 

the measurements are concerned, 041 has to be added to the measured case-to-ambient 

temperature 01� before any comparison can be made (�= values cannot be directly 

measured). In (4.4), 0�56$7 is evaluated at the center point �Z�c , Z¡c �. The complete 

lumped thermal model proposed in this work is presented in Fig. 4.6. The heat sink 

thermal resistance 0��	 and the junction-to-ambient thermal resistance 04� 	are given by: 

 0�� = Â0�56$7 , M>�>�K	K�M80*1 , QSL�'�K	K�M8 (4.39) 

 04� = 0�� + 0123$�1$ + 041 (4.40) 

 

 
Fig. 4.6 Lumped thermal model for the microfluidic multilayer structure. 
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4.1.7 COMSOL 3D Model 

 A 3D electro-thermal model is created in COMSOL to simulate the temperature 

rise of the system for the static and the dynamic cases. The heat source is modeled as a 

2D heat source sheet above a 50.8 um (2 mil) layer of thermal grease. For a constant 

dissipated power, the steady-state maximum junction temperature is obtained, that 

value is then used to derive the simulated junction-to-ambient thermal resistance. Fig. 

4.7 shows the simulation results of a 9.4 mm x 9.4 mm heat source on a 254 um (10 

mil) microchannel for the dynamic case (Fig. 4.7 (a)) and the static case (Fig. 4.7 (b)). 

The parameters that can be changed in the simulation are the heat source area, the 

microchannel thickness and the type of flow. 

 
(a) 

 
(b) 

Fig. 4.7 COMSOL 3D model for a) dynamic case b) static case. 



52 

 

4.2 Heat Sources Specifications 

Two high power surface mount thin film resistors with different maximum 

power ratings are used as heat sources (Fig. 4.8). The heat sink role is to provide a 

sufficient heat removal rate so that the resistor junction temperature �= stays always 

below its maximal specified value �=	
�. If the heat sink thermal resistance is not small 

enough, then the resistor dissipated power starts to derate with a slope of 1 041⁄  . 041 is 

calculated using the following equation: 

 041 = �=	
� − ������  (4.41) 

To operate  the resistors at their full power ratings at room temperature (���: = 25	°�), 

the junction-to-ambient thermal resistance should not exceed a maximum value 04�	
�  

which is given by: 

 04�	
� = �=	
� − ���:����  (4.42) 

Table 4.5 summarizes the resistors dimensions and thermal properties while Fig. 4.9 

shows the power derating curves of the resistors based on the manufacturer’s 

datasheets. 

TABLE 4.5 

SURFACE MOUNT RESISTORS SPECIFICATIONS 

Resistor 

No. 

Length 

(mm) 

Width 

(mm) 

Pmax (W) @ 

TC (°C) 

TJmax 

(°C) 

Rjc 

(°C/W) 

Rja max 

(°C/W) 

1 9.53 6.35 30 @ 100 150 1.67 4.17 

2 9.40 9.40 40 @ 100 150 1.25 3.13 

 

 
 (a)  (b) 

Fig. 4.8 Top view pictures of the high power resistors a) 30 W b) 40 W. 
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4.3 Fabrication Procedure 

The fabrication of the microchannel structure shown in Fig. 4.10 starts with a 

15.24 cm x 15.24 cm (6 inch x 6 inch) double copper clad RO3003 panel. Copper is 

etched out from both sides of the panel and 3.556 cm x 1.524 cm (1.4 inch x 0.6 inch) 

cavities are ablated on it. The panels used for this work have thicknesses of 254 um (10 

mil), 381 um (15 mil), 508 um (20 mil) and 762 um (30 mil) respectively and are 

sandwiched between two bondplies with a thickness of 25.4 um (1 mil) each. The same 

cavities are ablated on the bondplies but are 3 mm larger from each side to give room 

for bondplies to expand after they melt. A 15.24 cm x 15.24 cm (6 inch x 6 inch) double 

copper clad ULTRALAM 3850 panel, with a thickness of 50.8 um (2 mil), serves as  

 
Fig. 4.9 Resistors power derating curves. 

 
Fig. 4.10 Cross section of the laminated multilayer stack-up. 
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the  microchannel top capping layer. Copper is etched out from one side of the LCP 

panel and vias, with a diameter of 1.2 mm, are drilled on it using a CO2 laser. The vias 

are used as injection points for the liquid. A 15.24 cm x 15.24 cm (6 inch x 6 inch) 

copper shim, with a thickness of 152.4 um (6 mil), is used as the bottom capping layer. 

The whole stack-up is laminated to form solid bonds between the different layers using 

a thermal press. The temperature and force for lamination were 285 °C and 48 kN (5.4 

tf) respectively. A detailed fabrication flow is illustrated in Fig. 4.11.  

Copper at the top is patterned using standard lithographic and wet etching 

processes to create biasing pads for the resistors and to open up the vias. Microchannels 

are cut individually, the size of a single structure is 4.5 cm x 2.7 cm (1.77 inch x 1.06 

inch). A top view of the aligned layers (without the Cu ground) before the lamination 

step is presented in Fig. 4.12 (a), while the fully laminated and patterned sample is 

presented in Fig. 4.12 (b). It can be seen that this process allows large panel processing 

with the creation of 15 microchannels in one fabrication cycle. One disassembled 

sample is shown in Fig. 4.13 along with a text description of the different layers.  

 
Fig. 4.11 Package fabrication flow. 1) Double clad Duroid + 2 bondplies 2) Copper etching from 

both sides of Duroid 3) Cavity ablating on Duroid and bondplies 4) Double cladded LCP 

5) Copper etching from one side of LCP 6) Via drilling 7) Lamination 8) Final 

micromachined structure. 
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After the lamination step, it is important to test the quality of the fabricated 

channels because, most of the time, the top LCP layer sticks to the bottom ground after   

being subject to high pressure levels. A long sharp needle or a long syringe can be used 

to detach the bottom copper from LCP. A liquid flow test is then performed with a 

syringe to make sure that the channel has been opened up correctly, this is done by 

injecting the liquid from one via and monitoring if the liquid comes out from the second 

via. This step is essential and is done before attaching any tubes so that any flaws in the 

sample can be detected up front. Two flexible silicone tubes, with a diameter of 2.4 mm 

each, are attached to the vias using a commercial plastic epoxy. Liquid circulation is 

tested using a micropump, this step allows the detection of any leaks or cracks in the 

   
 (a) (b) 

Fig. 4.12 5 x 3 samples a) bottom view (before lamination) b) top view (after lamination). 

 

Fig. 4.13 Disassembled microfluidic channel. 
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sample; a thing that could happen due to a high flow rate of the liquid inside the  

microchannel. A small layer of thermal grease is deposited on top of the LCP before 

soldering the resistors, the thermal grease thermal conductivity reported by the 

manufacturer is  !"# = 0.95	?/o'.ap. It is important to put enough pressure on the 

resistors during the soldering phase in order to minimize the bond line thickness. Wires 

for biasing the resistors are soldered on the pads. Fig. 4.14 shows pictures of the 

resistors mounted on the microfluidic channels.  

4.4 Measurements and Results 

4.4.1 Test Bench Description 

The temperature of the high power resistors is measured using a K-type 

thermocouple, with a diameter of 80 um (40 AWG), placed at the center of the resistor 

and secured with a small piece of Kapton tape. The use of thermocouples for thermal 

characterization measurements is a commonly used technique in industry provided that 

the wire gauge is small (36 AWG or higher which corresponds to a diameter of 127 um 

or lower) [81].  A fine gauge thermocouple reduces the heat sinking effect generated 

by the contact of the thermocouple leads with the device under test [82]. The different 

samples sit on a 2 mm (0.079 inch) thick metal chuck at room temperature. A 

micropump is used to ensure a closed loop flow of the fluid inside the microchannel at 

  
 (a) (b) 

Fig. 4.14 Resistors on microfluidic channels. a) 30 W resistor b) 40 W resistor. 
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a rate of 150 ml/min. Fig. 4.15 (a) is an illustration of the measurement setup and Fig. 

4.15 (b) is a picture of the actual setup. 

Based on (4.24), the microchannel thickness should be small to enhance the 

convection heat transfer. For this reason, thicknesses from 254 um (10 mil) to 762 um 

(30 mil) were chosen so that � is small (� ranging from 1.67 % to 5 %). The thickness 

should not be chosen below 254 um (10 mil) to ensure reliable fluid flow inside the 

channel and adequate mechanical support. 

 
(a) 

 
(b) 

Fig. 4.15 a) Temperature measurement test bench b) Picture of the measurement setup. 
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The most commonly used fluids for cooling are water, DI water, a mixture of 

DI water and ethylene glycol (EG) and finally dielectric fluids such as FC-43. Table 

4.6 is a comparative table between these coolants. DI water has the best thermal 

conductivity amongst liquids (0.6 W/(m.K)) and is only second best to mercury (8.69 

W/(m.K)); it also has the highest specific heat value (4180 J/(kg.K)). It has already been 

shown in (4.25) that these two parameters are key to improving the forced convective 

heat transfer coefficient. DI water has also a low viscosity, a high thermal stability and 

is non-toxic. For all these excellent properties that DI water is chosen in this work. 

4.4.2 Results and Discussion 

The measurement setup described in the previous section is used to measure the 

temperature values of the different resistors for different flow configurations. In order 

to determine the case-to-ambient thermal resistances, power sweeps are performed on 

the resistors from 0 W to power levels that correspond to the maximum case 

temperature tolerated by the devices with temperature data being recorded for each 

single power point. The slope of the case temperature �� as a function of the dissipated 

power � yields the measured case-to-ambient thermal resistance 01�����. The 

junction-to-case thermal resistance 041 has to be added to 01����� to calculate the 

TABLE 4.6 

FIGURES OF MERIT FOR LIQUID COOLANTS 
 Water DI Water EG+H2O FC-43 

Compatible with Copper ++ -- ++ ++ 

High Thermal Conductivity ++ ++ + -- 

High Heat Capacity ++ ++ + - 

Low Viscosity ++ ++ + -- 

Low Freezing Point - - + ++ 

High Boiling Point - - + ++ 

Low Flash Point ++ * ++ * - ++ * 

Low Corrosivity - -- ++ + 

Low Toxicity ++ ++ - - 

High Thermal Stability ++ ++ ++ ++ 

Good Electrical Insulation -- - + ++ 

Low Cost ++ + - -- 

 ++ Excellent  + Good   - Poor  -- Bad 

 *Not flammable 
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measured junction-to-ambient thermal resistance 04�	�
© . 04�	�
© is then compared to 

the modeled and simulated case-to-ambient thermal resistance (04�	ÃÄ�Å  and 04�©Æ	Ç). 

The values of ℎ are determined using the following thermal properties of DI water at 

25 °C: J = 0.891. 10b�	��. M, �� 	= 	4180	­/o �. ap and F = 997.13	 �/'�. The 

measured junction-to-ambient thermal resistance is plotted versus the channel thickness 

in Fig. 4.16 for the static and dynamic cases and is compared to the values extracted 

from the model and the simulation. A detailed summary of modeled, simulated and 

measured results can be found in Table 4.7. 

 
(a) 

 
(b) 

Fig. 4.16 Junction-to-ambient thermal resistance comparison between measured data, model and 

simulation for a) static water b) dynamic water. 
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It can be seen from Fig. 4.16 and the highlighted last four blocks in Table 4.7 

that there is a good match between the model and the simulation. The model and the 

simulation are in good agreement with the measurements as well. The relative error 

between the model values and measured data is given by: 

 08N�>�R8	���P�	o%p = 	 É04�	�
© − 04�	ÃÄ�ÅÉ04�	�
© × 100 (4.43) 

The maximum relative error is about 17.16 % for resistor 1 on the 762 um (30 mil) 

microchannel while the average cumulative error for all the data is about 8.08 %. The 

other information that can be extracted from the data is the maximum absolute power 

rating ���� of the resistors when they are mounted on different heat sink configurations 

with or without DI water flow. For that, the following equation is used: 

 ���� = �=	
� − ���:04�  (4.44) 

Table 4.8 summarizes the maximum power ratings and the maximum power densities 

of the resistors in the static and dynamic cases. The data indicates that the microfluidic 

solution presented in this work allows the resistors to operate at higher power levels, 

e.g. a net power difference of 10 W is observed for the 40 W resistor on top of a 254 

um (10 mil) microchannel. Back to (4.42), the measured junction-to-ambient thermal 

TABLE 4.7 
MODEL VS SIMULATIONS VS MEASUREMENTS 

Channel Thickness (um/mil) 254/10 381/15 508/20 762/30 

Flow Type a S D S D S D S D 

Model 

Rmulti (°C/W) 
Res. 1 11.08 - 14.55 - 18.01 - 24.90 - 

Res. 2 7.64 - 10.01 - 12.38 - 17.12 - 

Rfc (°C/W) 
Res. 1 - 5.70 - 6.27 - 6.78 - 7.70 

Res. 2 - 3.90 - 4.29 - 4.64 - 5.27 

Rcontact (°C/W) 
Res. 1 0.88 0.88 0.88 0.88 

Res. 2 0.61 0.61 0.61 0.61 

Rja (°C/W) 
Res. 1 11.97 6.59 15.43 7.15 18.89 7.67 25.79 8.59 

Res. 2 8.24 4.50 10.61 4.89 12.98 5.24 17.73 5.87 

Simulation Rja (°C/W) 
Res. 1 12.43 7.01 15.52 7.22 18.46 7.62 24.28 8.54 

Res. 2 8.61 4.86 10.75 5.08 12.83 5.32 16.95 5.91 

Measurements Rja (°C/W) 
Res. 1 12.90 6.57 15.57 7.17 18.60 8.10 22.83 9.27 

Res. 2 9.38 5.38 11.10 5.80 13.34 6.23 16.20 7.09 

Relative Error (%) 
Res. 1 7.23 0.28 0.88 0.20 1.56 5.37 12.93 7.35 

Res. 2 12.08 16.22 4.38 15.66 2.66 15.84 9.41 17.16 

a S: Static, D: Dynamic 
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resistances are higher than 04�	
�  values reported in Table 4.5 which explains why the 

resistors could not be operated at their full power rating specified by the datasheet.  

 Measured data shows that the microfluidic heat sink is more efficient when the 

size of the heat source is bigger. Overall, thermal heat transfer by conduction remains 

inefficient because of the poor thermal conductivity of LCP, however, conduction 

becomes more influential for bigger devices. This is mainly due to the fact that the 

constriction resistance is always decreasing when the heat source size is increasing and 

decays rapidly to zero when the heat source size is converging towards the sample size. 

Therefore, this study shows that this kind of microfluidic cooling solution can be used 

to cool heat sources with large surface areas efficiently, for smaller devices there could 

be other solutions like reducing the thickness of the LCP layer and/or to add a thin layer 

of high thermal conductivity material on top of the LCP layer. 

Measurements also confirm the theoretical results developed in Section 4.1 with 

regards to the channel thickness effect on the overall thermal resistance of the system: 

as the channel thickness decreases, the junction-to-ambient thermal resistance 

decreases as well for both the static and the dynamic case studies. Qualitatively, this 

can be explained by the fact that water, even though being the best choice amongst 

liquids, still has a low thermal conductivity compared to good solid conductors like 

TABLE 4.8 
RESISTORS MAXIMUM POWER RATINGS FOR STATIC AND DYNAMIC DI WATER AT 

25 °C 

Channel Thickness (um/mil) 254/10 381/15 508/20 762/30 

Flow Type a S D S D S D S D 

Pmax @ 25°C (W) 
Res. 1 9.69 19.04 8.03 17.44 6.72 15.43 5.47 13.49 

Res. 2 13.33 23.26 11.26 21.55 9.37 20.06 7.72 17.63 

Max. Power Density 

@ 25°C (W/cm2) 

Res. 1 16.01 31.46 13.27 28.82 11.11 25.50 9.05 22.29 

Res. 2 15.09 26.32 12.74 24.39 10.60 22.71 8.73 19.95 

a S: Static, D: Dynamic 
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copper. Minimizing that layer of water helps conduct heat more efficiently. This 

variation can be approximately quantified as follows: 

 � ≈ Ê 325.4%/)'	o3	% '�Np,v 	M>�>�K	UN)�Q
				 1.525.4%/)'	o1.5	% '�Np, QSL�'�K	UN)�Qv  (4.45) 

 ∆04�04� = −∆�������� = �∆>� (4.46) 

where � is the experimental percentage change per unit length, ∆04� is the junction-to-

ambient thermal resistance change, ∆���� is the maximum power rating change and 

∆>� is the microchannel thickness change. 

4.4.3 Design Guidelines 

Based on the results of this study, the following are general guidelines for 

designing multilayer organic microchannels for cooling purposes with a low thermal 

resistance: 

• Microchannel length (Ì) and width (Í): � and ? have minimal effect on the thermal 

resistance, yet lower values of L and W yield a slightly lower thermal resistance. 

• Microchannel thickness (Î�): >� is an important factor and should be minimized. 

Equations (4.45) and (4.46) give a mean to quantify the change in the thermal 

resistance and the maximum power rating, i.e. 3 % or 1.5 % change is expected per 

25.4 um (1 mil) variation in Î�. >� should not be too small (preferably not below 254 

um (10 mil)) to ensure reliable fluid flow. 

•  Sample surface area (Ï): a bigger sample helps conduct heat more efficiently, this 

can be clearly observed in (4.4) with the term “
XZ�Z¡”. There is clearly a tradeoff here 

between the system compactness and the system thermal resistance. 

• LCP thickness (Î): the thickness of LCP is an important factor and should be 

minimized because LCP has a very low thermal conductivity. This is not a general 
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rule though, the thickness should be increased in the case of a high thermal 

conductivity material. Values extracted from (4.4) and (4.18) support this claim. > 
should not be too small (preferably not below 50.8 um (2 mil)) to ensure a good 

mechanical support of the heat source. 

• Copper thickness: varying this parameter has almost no effect because it is not the 

limiting factor in the system. Smaller values would keep the sample highly flexible 

which makes it easy to test the fluid flow in the fabrication/assembly phase. 

• Fluid: for pure thermal considerations, DI water would be the best choice based on 

the properties discussed in Section 4.4.1 and on Table 4.6. 

4.4.4 Limitations 

4.4.4.1 Fabrication & Measurement Limitations 

• Fabrication, packaging, assembly and test were done manually, so repeatability and 

reliability could be an issue with this kind of microfluidic solution. For example, 

some channels are very good and allow very smooth circulation of the fluid inside, 

some may not be as good.  

• There could be differences in the contact thermal resistances across the different 

samples due to applying different pressure levels during the soldering process, or 

using different amounts of thermal grease. 

• LCP is a flexible material which induces a non-flat surface at the top especially if the 

thickness of LCP is small. This could alter the quality of contact between the LCP 

and the heat source. 

• The measurement procedure involved the use of a thermocouple. Even though it is 

recommended to reduce the wire gauge to reduce the parasitic effect introduced by 

the leads of the thermocouple, there is still an error introduced by the test equipment 
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which conducts some of the generated heat. Also the temperature readings are very 

sensitive to the positioning of the thermocouple on the heat source. 

• The metal chuck on top of which the samples are sitting also contribute to heat 

dissipation. 

• Additional errors can come from the differences that exist between same heat sources 

due to manufacturing variance.  

4.4.4.2 Model Limitations 

• This model can accurately predict the thermal resistance of the system for large heat 

source areas. Although the model and the simulation agree even for smaller devices, 

it has been noticed, through other measurements of smaller resistors (6.22 mm x 6.22 

mm and lower), that the model and simulation start diverging significantly from the 

model, the model could be improved to be valid for all heat source sizes. 

• All the parameters that are taken from datasheets are subject to uncertainty errors. 

These parameters can be thermal conductivities, thicknesses, resistors junction-to-

case thermal resistances, resistors sizes… 

• The contact thermal resistance is difficult to model accurately for this complex 

structure. More accurate models involving thermal greases are needed in this case. 

• Errors are introduced when DI water and Duroid are replaced by one uniform layer 

with a fixed thermal conductivity. This assumption was acceptable because the 

thermal conductivities of the two materials are close. This assumption cannot be used 

if another material was used instead of Duroid. 

• DI water thermal properties change with temperature. The model, in the other hand, 

calculates the forced convective heat transfer coefficient using the thermal properties 

of DI water at a fixed temperature. 
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• The model and the simulations assume that the heat source is a 2D sheet dissipating 

a constant power over its whole surface area. 

4.5 Summary 

A microfluidic cooling solution on multilayer organic substrate with dynamic 

DI water flow has been presented for cooling high power surface mount resistors. A 

general thermal model has been detailed along with all the necessary theoretical 

assumptions and formulations. Different heat transfer mechanisms and their influence 

have been discussed with an emphasis on the effect of geometrical dimensions of the 

microchannel on the overall cooling efficiency. The model has also been validated 

using a 3D electro-thermal model in COMSOL. Microchannels fabrication procedure 

has been described in detail along with the measurement test bench. The modeled and 

simulated data agreed well with the measurements when heat sources with large sizes 

were used, the model fails for smaller heat source sizes. Measurements have also proven 

that this microfluidic solution on LCP could increase the maximum dissipated power 

of resistors; a maximum net power difference of 10 W at 25°C was achieved with 

dynamic water flow for the 40 W resistor sitting on top of the 254 um (10 mil) 

microchannel. It was also discussed that this microfluidic cooling solution is more 

efficient when heat sources have a bigger surface area. Moreover, an approximate 

experimental percentage change was developed to predict the effect of varying the 

microchannel thickness. Guidelines on how to design multilayer organic microchannels 

with low thermal resistance were also provided. Finally, limitations and approximation 

errors that could be originating from fabrication, from the measurement setup and/or 

from the model were discussed as well. 
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PART II 

INTEGRATED MICROFLUIDIC TUNING ON MULTILAYER 

ORGANIC SUBSTRATE 

 

 

 

 

 

 

 

Reconfigurable RF circuits can be very important in some cases where there is 

a need to minimize the size of the overall system while being able to target multi-band 

applications at the same time. In the wireless transmission chain, these multi-band 

applications usually involve the use of RF resonators/filters and RF PAs. As discussed 

in Chapter 1, there are many techniques available to achieve the desired re-

configurability, and amongst these techniques is the use of microfluidic channels. This 

kind of approach is suitable for RF microstrip circuits in general, and it is applied in 

this work for specific RF circuits to prove the concept. By changing the fluids inside 

the microchannel, the electrical response of the microstrip RF circuit on top of it 

changes. For an RF filter, this change can translate into a frequency shift of the 

resonance and/or the alteration of the fractional bandwidth whereas for an RF PA, this 

change can result in shifting the frequency of operation of the PA while minimizing 

any degradation in the electrical performance. In this part, RF bandpass filters and RF 

PAs are tuned using an integrated microfluidic solution on multilayer organic 

substrates. 

  

“Science investigates; religion interprets. 

Science gives man knowledge which is power; 

religion gives man wisdom which is control.” 

-Martin Luther King, Jr 
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CHAPTER 5 

MICROFLUIDICALLY RECONFIGURABLE L-BAND 

MICROSTRIP BANDPASS FILTER ON MULTILAYER 

ORGANIC SUBSTRATE 

Reconfigurable RF bandpass filters are types of filters where the center 

frequency and/or the bandwidth are tuned. Below are the results of investigating the 

usage of a microfluidic solution on organics to tune an L-band microstrip bandpass 

filter. 

5.1 Tunable Filter Design 

5.1.1 Effective Dielectric Constant 

The microstrip filter is designed on top of an LCP layer and a channel initially 

filled with DI water, the stack-up is illustrated in Fig. 5.1. It is important to estimate the 

“effective” dielectric constant of this two layer structure. A first estimation is given by 

[83]: 

 �
��� = �
|�
�oℎX + ℎcp�
|ℎc + �
�ℎX  (5.1) 

 

Fig. 5.1 2D cross section of the multilayer structure. 
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where �
|and �
� are the dielectric constants of the LCP layer and the fluid respectively, 

and ℎX and ℎc are their respective thicknesses. 

LCP has a stable dielectric constant �
| = 2.9 and a low loss tangent >�L�X =
0.0025 in the frequency band of interest (from 100 MHz to 2 GHz). However, the 

dielectric constant and loss tangent of DI water depend on frequency and temperature. 

To account for this dependency the Debye model [84], with three relaxation terms and 

two resonance terms, is used (Fig. 5.2). Values are averaged and used as a good first 

approximation: �
� = 80 and >�L�c = 0.06 at 20°C. 

It is important to state that (5.1) is only an approximation that is most of the time very 

inaccurate. A more accurate modeling approach is discussed in detail in Chapter 7. That 

is why, a correction factor has been introduced in this work to the formula in (4.1) to 

re-center the filter response: 

 �
���o	�
| , ℎX, �
� , ℎcp = 0.67 × �
|�
�oℎX + ℎcp�
|ℎc + �
�ℎX  (5.2) 

Equation (5.2) is only valid within the scope of this design, and because (5.2) is based 

on an approximation, the simulated and measured filter bandwidth is slightly smaller 

than what was originally designed. 

 
Fig. 5.2 Variation of the dielectric constant (solid lines) and loss tangent (dashed lines) of water 

with frequency and temperature. 
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Given a two layer structure in which the dielectric constant of the second layer 

can be changed from a minimum value �
�		ÆÐ  to a maximum value �
�		
� , we define, 

in this paper, the effective permittivity range (EPR) as: 

 ��0 = �
���t	�
| , ℎX, �
�		ÆÐ , ℎcu − �
���t	�
| , ℎX, �
�		
� , ℎcu�
���t	�
| , ℎX, �
�		
� , ℎcu  (5.3) 

The pair (ℎX,	ℎc) is chosen to maximize EPR. It can be seen from Fig. 5.3 that the best 

choice for (ℎX,	ℎc) is when ℎc is very large and ℎX is very small. The value chosen for 

ℎX is 2 mil. A thickness of 1 mil is too thin for adequate mechanical support and 

reliability. The value of ℎc is set to 60 mil. With these values, ��0 ≈ −60%. This 

number means that in case we replace DI water (�
�		
� = 80) with acetone (�
�		ÆÐ =20.7), the effective dielectric constant of the structure would drop by 60%. Using this 

drop in the effective dielectric constant, the filter response can be tuned. 

5.1.2 Filter Topology 

The filter topology and the design equations can be found in [85]. A 3rd order 

filter using Butterworth coefficients centered at 1 GHz and with a 3 dB fractional 

 
Fig. 5.3 Absolute value of the EPR with �
� ranging from 20 to 80 at 25°C. 
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bandwidth (FBW) of 40% has been designed using inverter lines and parallel open 

stubs. The design was simulated in ADS with LCP and DI water layers (�
��� = 28.88) 

and a 3D model was created and simulated in HFSS (Fig. 5.4). The different dimensions 

are reported in Fig. 5.5. The size of the filter without including the channel is 6.1 cm x 

3.6 cm. 

 

 
 

Fig. 5.4 Microstrip filter 3D model in HFSS. 

 
Fig. 5.5 Filter layout in ADS with dimensions in mm. 
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5.2 Fabrication Procedure 

The fabrication starts with two 30 mil double copper clad RO3003 panels with 

a size of 8 inch x 6 inch each. Copper is etched out from both sides of RO3003. Cavities 

with dimensions of 4 cm x 5.1 cm are ablated on the two sheets using a CO2 laser. The 

copper on a 2 mil LCP panel is etched from one side and vias with a diameter of 1.2 

mm are drilled through the substrate. The vias serve as access points for fluid injection. 

Three bond plies, with a thickness of 1 mil each, are interposed between each of the 

layers and the whole stack-up is laminated along with a 6 mil thick copper shim. The 

top side of 2 mil LCP is then patterned to create the microstrip lines using standard 

photolithography process. A cross sectional view of the stack-up is shown in Fig. 5.6. 

With this process, 8 filters can be created in one fabrication cycle, each filter is cut 

individually and SMA connectors are soldered to each one of them. Fig. 5.7 (a) shows 

the layers stacked-up before lamination and Fig. 5.7 (b) is a picture of the fabricated 

filter.  

 
Fig. 5.6 Cross section of the multilayer structure. 

30 mil Duroid

6 mil Copper

1 mil Bond Plies

Vias 2 mil LCP18 um Copper

30 mil Duroid

30 mil Duroid

30 mil Duroid

  
 (a) (b) 

Fig. 5.7 a) Layers stack-up before lamination b) Fabricated tunable filter. 
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5.3 Measurements and Results 

A 2.4 mm tube, as shown in Fig. 5.7 (b), is attached to one of the vias for fluid 

injection while the other via is sealed with a piece of tape. A micropump is used to 

inject the fluids, it provides the necessary pressure to trap the fluid inside the channel. 

Fluids used are DI water and acetone and the response of the filter is measured for both 

cases. Fig. 5.8 shows the measurement setup while Fig. 5.9 compares simulated and 

measured S-Parameters.  

The measured results agree with the simulated results for DI water and acetone. 

50% tuning is achieved with good insertion and return loss. Table 5.1 is a comparison 

of the two filters. 

 

TABLE 5.1 
DI WATER FILTER VS ACETONE FILTER 

 DI water Acetone 

Center Frequency (GHz) 1 1.5 

3 dB Fractional Bandwidth 33% 31% 

Insertion Loss (dB) 1.4 1.3 

Return Loss (dB) 25 15.8 

 

Fig. 5.8 Measurement setup for the tunable filter. 
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5.4 Summary 

A tunable L-band microstrip bandpass filter on LCP with an integrated 

microfluidic channel has been presented. Design guidelines about how to choose the 

thicknesses of the LCP layer and the channel were discussed. The filter has been 

successfully fabricated and measured. Measured data accurately matched HFSS 

simulations. The center frequency of the filter was shifted from 1 GHz for DI water to 

1.5 GHz for acetone, i.e. 50% tuning was achieved. There was no significant change 

 
(a) 

 
(b) 

Fig. 5.9 Comparison of simulated and measured S-Parameters for a) DI water b) acetone. 
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for the 3 dB FBW and for the insertion loss, the return loss was affected but was still 

above 15.8 dB.  
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CHAPTER 6 

MICROFLUIDICALLY RECONFIGURABLE GAN POWER 

AMPLIFIER ON MULTILAYER ORGANIC SUBSTRATE 

Tunable PAs are useful RF components for multiband wireless applications. A 

microfluidic tuning technique similar to the approach discussed in Chapter 5 is used to 

design a tunable RF PA on organics. A novel way is presented on how to combine the 

advantages of organic substrates and the high power capabilities of GaN devices by 

designing a reconfigurable GaN-based PA that can work optimally at 2.4 GHz and 5.8 

GHz based on the fluid injected inside the matching networks micromachined channels. 

The choice of the frequencies is very suitable for wireless local area network (WLAN) 

applications. This solution paves the way for combining tuning and cooling at the same 

time by circulating different fluids for different purposes (see Chapter 7). This is the 

first time microfluidics are used to design a reconfigurable GaN-based PA. 

6.1 Tunable Power Amplifier Design 

6.1.1 General Overview 

The objective of this study is the design and implementation of a reconfigurable 

PA that can work optimally for two different frequencies: 2.4 GHz and 5.8 GHz. In 

order to achieve the desired tunability, reconfigurable matching networks are used to 

present different optimal impedances to the transistor die depending on the frequency 

(Fig. 6.1). The source and load matching networks frequency response is changed by 

using different fluids inside their respective microchannels. In this work, acetone (εr = 

20.7) and air (εr = 1) are used to provide optimal impedances at 2.4 GHz and 5.8 GHz 

respectively. 
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6.1.2 Device Under Test 

The transistor die used is a high voltage gallium nitride (GaN) high electron 

mobility transistor (HEMT) on a silicon carbide (SiC) substrate using a 0.25 um gate 

length fabrication process. The overall size of the die is 0.8 mm x 0.84 mm with a 

thickness of 100 um. Fig. 6.2 is a top view picture of the die. 

 A series gate resistance of 12.5 Ω is needed to stabilize the transistor at 2.4 

GHz. Four SMD RF chip resistors with a value of 50 Ω each are placed in parallel to 

get the desired value. Because the transistor needs to operate at 5.8 GHz as well, a 

capacitor (2 pF) is placed in parallel with the resistors. The die is connected to the input 

and output networks by the means of 1 mil thick bond wires. The input and output pads 

are modeled as shunt capacitors and series inductors. The DUT is the combination of 

 
Fig. 6.1 Proposed tunable PA functional diagram. 
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Fig. 6.2 GaN HEMT top view picture. 
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the input and output pads, the stabilization network, the input and output bond wires, 

and the transistor die (Fig. 6.3). 

6.1.3 Load and Source Pull Simulations 

Load and source pull simulations were performed on the DUT described in 

Secton 6.1.2 at 2.4 GHz and 5.8 GHz using Agilent Advanced Design System (ADS). 

A drain voltage VDS = 40 V and a quiescent drain current IDS = 60 mA were used in the 

simulation. The optimal impedances were obtained by iterative source and load pull 

simulations until convergence was reached. The optimization goal was to get the best 

trade-off between the maximum power added efficiency (PAE) and the maximium 

output power (Pout). The simulation results are summarized in Table 6.1. 

6.1.4 Tunable Matching Networks 

The tunable matching networks are designed on a multilayer organic substrate 

consisting of a 2 mil thick LCP layer (εr = 2.9) on top of a 20 mil thick Duroid layer (εr 

= 3). Fig. 6.4 is a cross sectional view of the stack-up used along with the different  

 

 
Fig. 6.3 Device under test illustration. 
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thicknesses. The channel thickness of 20 mil was chosen because it allows the design 

of low impedance lines while providing a reliable mechanical support for the 

microchannel. 

The proposed topology for the tunable matching networks consists of two 

cascaded single matching networks M1 (Line 1 and Line 2) and M2 (Line 3 and Line 

4). The one closer to the die (M1) matches ZOpt to 50 Ω at 2.4 GHz with acetone in the 

microchannel, while M2 matches the impedance presented by M1 to the impedance 

presented by a quarter wavelength transfomer (Line 5) at 5.8 GHz with air filling the 

microchannel. Lines 1, 3 and 5 are all 50 Ω lines at 2.4 GHz with acetone in the 

microchannel. At 2.4 GHz, if Line 4 has an electrical length of 180°, then M2 has no 

effect on the matching. At 5.8 GHz, and with air filling the microchannel, M1 

transformms ZOpt to another impedance ZOpt
’ which M2 transforms into Z05

2/50 where 

Z05 is the impedance of Line 5 with air filling the microchannel. The only constraint 

with this kind of approch is that Line 4 has to satisfy two conditions at the same time: 

TABLE 6.1 
LOAD AND SOURCE PULL SIMULATION RESULTS 

Frequency (GHz) 2.4 5.8 

K Factor 1.228 1.256 

MAG (dB) 22.309 18.442 

Pin (dBm) 21 25 

ZS, Opt (Ω) 11.723+j9.720 14.287-j32.158 

ZL, Opt (Ω) 42.633+j47.014 16.298+j12.767 

Max. PAE (%) 57.39 53.19 

Max. Pout (dBm) 38.103 38.271 

Gain (dB) 17.103 13.271 
 

 
Fig. 6.4 2D cross sectional view of the stack-up. 

Air or Acetone
LCP (2 mil)

Duroid (20 mil)

Copper (6 mil)
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1) be a λ/4 line at 2.4 GHz, 2) have a specific length that can match ZOpt
’ to Z05

2/50 at 

5.8 GHz. This condition is only met for one specific characteristic impedance of Line 

4, for this application it comes to be around 20 Ω with acetone in the microchannel. The 

source and load matching networks are attached to a 5 mm thick copper carrier on top 

of which the die is sitting. A more thorough explanation of the equations behind the  

deisgn can be found in Chapter 7. Fig. 6.5 is a detailed illustration of the source  

 
Fig. 6.5 Tunable source matching network design. 

SSMN @ f1 on acetone

SSMN@ f2 on air

50 Ω @ f1 on acetone

λ/2 @ f1 on acetone

λ/4 @ f2 on air

50 Ω

Zs_opt

@ f1 or f2

M1

SSMN = Single Stub Matching Network

f1 = 2.4 GHz

f2 = 5.8 GHz

M2

Line 1Line 3Line 5

Li
n

e
 2

Li
n

e
 4

 
Fig. 6.6 Top and cross sectional view of the packaged PA. 
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matching network design. The same design steps are applied to the load matching 

network. An illustration of the packaged PA is shwon in Fig. 6.6. 

6.2 Fabrication Procedure 

The fabrication starts with a 20 mil copper double clad RO3003 panel (6 in x 6 

in). Copper is etched out from both sides using a wet etching process. Source and load 

matching networks cavities are ablated on it with dimensions 27 mm x 20.2 mm and 

27.4 mm x 27 mm respectively. The copper is etched out from one side of a 2 mil copper 

double clad LCP (ULTRALAM 3850) panel (6 in x 6 in) and vias, with a diameter of 

1.2 mm, are drilled on it. These vias serve as injection points for the fluids after the 

assembly is done. Two 1 mil bondplies (ULTRALAM 3908) (6 in x 6 in) are used in 

between the different layers to bond the whole stack-up after the lamination process. 

LCP and Duroid along with a 6 mil copper shim are laminated using a hot thermal press 

at a temperature of 285°C and a pressure of 300 psi. A seed layer of titanium (40 nm) 

is deposited on top of copper, and a layer of gold (0.4 um) is deposited on top of titanium 

using electron beam evaporation. Gold is required for wire-bonding during the 

assembly phase. With this fabrication procedure, four source matching networks and 

four load matching networks can be fabricated in one fabrication cycle. The panel is 

cut into four 3 in x 3 in samples, metal patterning is done on each one of them using 

standard lithography techniques (Fig. 6.7). Fig. 6.8 (a) is a picture of the packaged PA 

and Fig. 6.8 (b) is a zoomed picture of the wire-bonded die. 
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Fig. 6.7 3 in x 3 in patterned sample: source matching networks on the left, load matching 

networks on the right. 

 
(a) 

 
(b) 

Fig. 6.8 Picture of the a) packaged PA b) GaN die. 
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6.3 Measurements and Results 

The large signal data of the packaged PA was obtained using vector-receiver 

load pull measurements. Power sweeps are done at 50 Ω at the input and output with 

10 % duty cycle and were compared with simulation. Because there were small shifts 

in the small signal gain for both acetone and air configurations, load pull measurements 

were done at 5.7 GHz for air and at 2.3 GHz for acetone while the simulated data was 

characterized at 5.8 GHz and 2.4 GHz respectively (Fig. 6.9). Overall, large signal 

measured results indicate that the microfluidic tuning solution presented in this work is 

working well. Because there was a mismatch at the source side with acetone, the overall 

performance was degraded compared to simulation at 2.4 GHz, but the measured data 

for the PA with air agrees well with the simulated data at 5.8 GHz. The measured PA 

characteristics with acetone are: Pin = 21 dBm, Pout = 35.02 dBm, PAE = 36.41 %. The 

measured PA characteristics with air are: Pin = 25 dBm, Pout = 36.88 dBm, PAE = 44.03 

%. 

6.4 Summary 

A reconfigurable GaN-based PA at 2.4 GHz and 5.8 GHz has been presented 

for the first time using microfluidic channels integrated in a multilayer organic 

substrate. This PA has been successfully designed, simulated, fabricated and measured. 

new technique has been developed and described regarding the design of tunable 

matching networks. By changing the fluids (acetone and air) inside the source and load 

matching networks microchannels, and by carefully designing the microstrip lines, the 

optimal impedances presented to the transistor die have been tuned depending on the 

frequency of operation.  The PA has an output power of 3.18 W / 4.88 W and a PAE of  

36.41 % / 44.03 % for an input power of 21 dBm / 25 dBm at 2.3 GHz / 5.7 GHz 

respectively. 
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(a) 

 
(b) 

Fig. 6.9 a) Acetone configuration: measurements @ 2.3 GHz, simulations @ 2.4 GHz b) Air 

configuration: measurements @ 5.7 GHz, simulations @ 5.8 GHz. 
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PART III 

COMBINED COOLING AND TUNING ON MULTILAYER 

ORGANIC SUBSTRATE 

 

 

 

 

 

 

Up to this point, cooling and tuning have been studied separately in order to 

better analyze the effects of each one of them. In this final part, tuning and cooling are 

combined together in a single organic multilayer package where a GaN-based PA is 

cooled and tuned at the same time. The GaN die is now sitting directly on top of LCP, 

and it is the integrated cooling solution described in Part I which deals with heat 

removal. The benefits of such an approach is a reduced size and weight of the system 

with high integration prospects with other front-end modules. Due to some instabilities 

encountered with die sitting directly on LCP, a copper-based PA with integrated 

microchannels is measured instead of the organic PA. Following the same methodology 

applied for the cooling part, multilayer microstrip design techniques are thoroughly 

analyzed, and equations and guidelines are given for the design of tunable matching 

networks. 

  

“A fact is a simple statement that everyone believes. It is innocent, 

unless found guilty. A hypothesis is a novel suggestion that no one 

wants to believe. It is guilty, until found effective.” 

-Edward Teller 
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CHAPTER 7 

COOLING AND TUNING OF A GAN-BASED PA ON 

MULTILAYER ORGANIC SUBSTRATE 

All the techniques developed in Part I and Part II are combined into a single 

organic packaged design. The objective of this work is to successfully cool and tune an 

RF GaN-based PA using integrated microfluidics on organics. Before going into the 

details of the PA design, multilayer microstrip design theory is developed and tunability 

parameters are defined. That would give the reader the necessary background to 

understand the design equations for microfluidically tunable matching networks. 

7.1 Microchannels for Cooling and Tuning 

There are two types of integrated microchannels used in this work:  

1) Cooling microchannels: these microchannels are placed beneath the heat source to 

cool down the device. The liquid used for cooling is DI water, the cooling requires a 

pumping mechanism (micropumps) to ensure a steady flow of the coolant. These 

channels are localized and are only wide enough to cover the heat source area. This 

type of channels can be particularly interesting for high power applications. 

2) Tuning microchannels: these microchannels are placed below the RF microstrip lines 

and are used to tune the frequency of operation of the reconfigurable RF structure. This 

is achieved by changing the fluid inside the microchannel, which in turn changes the 

effective dielectric constant of the medium where the electromagnetic wave travels. 

The motion of the fluid is not required, there should only be a way to get the fluid in 

and out. The dimensions of the microchannels are big enough to cover the area of the 

microstrip lines. This type of channels is useful for applications involving 

reconfigurable RF systems. 
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Combining these two types of channels in a single design is therefore suitable 

for high power reconfigurable RF designs, the idea of the implementation is illustrated 

in Fig. 7.1. As the characterization of cooling microchannels has been thoroughly 

studied in Chapter 4, we focus here on the tuning microchannels and how to design the 

microstrip lines on top of these microchannels for reconfigurable RF designs. Because 

of the presence of a microchannel, the RF signal will be carried on a substrate with at 

least two layers (cavity layer and the RF substrate), that is why we discuss in the next 

section the methodology used for synthesizing the microstrip line dimensions on a 

multilayer substrate. 

7.2 Multilayer Microstrip Design 

7.2.1 Approximate Methods for the Analysis and Synthesis of Microstrip Lines on 

a Multilayer Substrate 

7.2.1.1 Multilayer vs Single-Layer Designs 

The analysis and synthesis of microstrip lines on a single-layer substrate is now 

trivial, there are many reliable closed-form formulas for the characteristic impedance 

 
Fig. 7.1 Simplified sketch for cooling and tuning microchannels in a single design. 

Heat SourceCooling Microchannels

Tuning Microchannels Microstrip Lines
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Z0 and the effective dielectric constant εreff [86] and there are a few automated tools that 

are based on those expressions that help during the design phase (e.g. LineCalc from 

ADS). While extensive material can be found regarding microstrip design on a single-

layer substrate, it is very challenging to find a simple closed form expression for the 

multilayer case. The few formulas that are found are either very complex or very 

simplistic [83], or they work only under certain conditions or they do not match with 

the simulators. 

One solution for the multilayer case could be to  rely entirely on simulators like 

ADS to extract Z0 and εreff, but this is time consuming especially that there is no way to 

extract εreff directly under ADS, although Z0 is available. HFSS offers the possibility of 

extracting both values at the end of the simulation, but the simulation time is usually 

long and there is no automated way of reusing the extracted values in a script for 

optimization. However, for simple multilayer designs where there is no need to 

optimize line dimensions several times, this method could be a viable option. In this 

work, and as explained in Section 7.3.2, the length of a particular line in the design 

needs to be optimized to satisfy two simultaneous conditions. For that to be possible, 

Z0 and εreff values need to be reevaluated at least a 1000 times in a written Matlab script, 

that is why it is necessary to have an accurate closed-form expression to analyze and 

synthesize line dimensions on a multilayer substrate.  

A closed-form expression using the conformal mapping method for generalized 

multilayer microstrip designs has been suggested in [87], but when compared with 

simulators, the εreff value does not quite match. A correction to the εreff expression in 

equation (15) found in [87] is suggested in this work based on the two-layer closed form 

expression obtained in equation (16) in [88]. The derivation of Z0 is also derived from 

[88]. To verify the results from [88], another two-layer closed form expression was 
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used for comparison in [89]. The factor K’/K has to be approximated, the value was 

substituted with a better approximation found in [90] (page 55), also Kair has to be found 

in another paper [86]. It has to be noted that all these formulas do not take into account 

the line thickness and the frequency of operation compared to the single-layer case 

where such formulas exist [86, 91-93]. Hence, the idea is to transform the multilayer 

problem into an equivalent single-layer problem by extracting the equivalent εr of the 

single-layer substrate that would yield the same εreff. The equations used and the steps 

followed are summarized here in an effort to provide the reader with accurate, corrected 

and tested expressions for the multilayer microstrip design in one place, the reader can 

then duplicate these steps easily without the need to go back to the aforementioned 

papers. 

7.2.1.2 Extraction of Z0 and εreff for a 2-layer Substrate 

Given the two-layer problem depicted in Fig. 7.2, the following equations are 

used based on the results found in [89], [90] and [86]: 

 �
��� = 1 + 2t��Ñ − 1ua�7
�o p (7.1) 

 Ò. = Ò.�7
«�
��� (7.2) 

where: 

 �o p = a�o pao p ≈ 2� arccosh	q1 +  � +  √ �Ö4o1 +  �pr (7.3) 

 

Fig. 7.2 A microstrip line on top of a two-layer substrate. 

εr2
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®×̄
×°  = 1KPMℎ ��4 )�		 ; 				 � = «1 −  c
 X = 1KPMℎ ��4 )X�		; 				 X� = �1 −  Xc (7.4) 

 Ù ) = ? ℎv)X = ? ℎXv  (7.5) 

 ��Ñ = QX + QcQX�
X + Qc�
c (7.6) 

 

®̄
° QX = 1�o XpQc = 1�o p − QX (7.7) 

 a�7
 = Ò.�7
120�	 (7.8) 

 Ò.�7
 = 60NL ÚUo)p) ¥1 + �2)�cÛ (7.9) 

 Uo)p = 6 + o2� − 6p8@£ q− �30.666) �..Ü�c�r (7.10) 

7.2.1.3 Extraction of Z0 and εreff for an M-layer Substrate 

The model in the last section works only for single-layer and two-layer 

substrates. To extend the functionality to any number of layers M (Fig. 7.3), the model 

in [87] is used instead, along with the correction brought from [88]. This model also 

allows to study the cases where there are additional layers placed on top of the 

conductor line. To get the standard microstrip case where air is at the top, M should be 

set to N-1 and εrM+1 to 1. For this model, the following equations are used: 

 �
��� = Ý� + o∑ Ý7�bX7�X pc∑ Ý7�
7�bX7�X  (7.11) 
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®×̄
×°Ò. = 60«�
��� NL �8ℎ?� 				UP�	? ℎv ≤ 1

Ò. = 120�«�
��� ℎ?�** 				UP�	? ℎv ≥ 1  (7.12) 

where for W/h ≤ 1: 

 UXoÞ, �p = NLo�p2NL �8ℎ?� º1 + �4 − 12��KKPM � ?8ℎÞ √��» (7.13) 

 

UcoÞ, �p = 12 −
0.9 + �4 NLo�parccos	̧ Ú1 − 1 − ?8ℎÞ Û√�¹

�NL �8ℎ?�  (7.14) 

 

®××̄
××°

ÝX = UXoÞX, �XpÝ7 = UXoÞ7, �7p − UXoÞ7bX, �7bXp	, � = 2. .ß − 1	Ý# = 12 + 0.9�NL �8ℎ?� − UXoÞ#bX, �#bXp
Ý#�X = UcoÞ#�X, �#�XpÝ7 = UcoÞ7, �7p − UcoÞ7bX, �7bXp	, � = ß + 1. . ( − 1

 (7.15) 

 

Fig. 7.3 A microstrip line on top of an M-layer substrate. 
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®×̄
×° �7 = 1 +Þ71 − Þ7 + ?4ℎ	, � = 1. . ß
�7 = 1 + Þ7Þ7 − 1 + ?4ℎ	, � = ß + 1. . ( (7.16) 

and for W/h ≥ 1: 

 ?�** = ? + 2ℎ� NL º17.08 �?2ℎ + 0.92�» (7.17) 

 U�oÞp = Þ2 à1 + �4 − ℎ?�** NL �2?�**ℎ M�L ��2 Þ�Þ + cos	��2 Þ��á (7.18) 

 U¼oÞ, âp = ℎ2?�** ÙNL ��?�**ℎ − 1� − o1 + âpNL	 ¸2?�**ℎ KPM ��2 â�2Þ − 1 + â + M�L ��2 â�¹ã (7.19) 

 

®××̄
××° ÝX = U�oÞXpÝ7 = U�oÞ7p − U�oÞ7bXp	, � = 2. .ß − 1	Ý# = 1 − ℎ2?�** NL ��?�**ℎ − 1� − U�oÞ#bXpÝ#�X = U¼oÞ#�X, â#�XpÝ7 = U¼oÞ7, â7p − U¼oÞ7bX, â7bXp	, � = ß + 1. . ( − 1

 (7.20) 

 

â7 = 2� ��K>�Läå
æ ��2?�**ℎ − 2 oÞ7 − 1p

çè
é	, � = ß + 1. . ( (7.21) 

and for all W/h: 

 Þ7 = ℎ7ℎ  (7.22) 

 Ý� = 1 − � Ý7�bX
7�X  (7.23) 

7.2.1.4 Conductor Thickness and Frequency Dependency 

To be able to use the microstrip models that take into account conductor 

thickness and the dispersion effects as input parameters, the values of Z0 and εreff are 

transformed into a single-layer substrate with an equivalent dielectric constant εreq. In 

order to achieve that, we simply reverse the synthesis formula found in [94] for the 

single-layer case, and so we obtain: 
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 �
�ê = 2�
��� + � − 1� + 1  (7.24) 

where: 

 � = 1�1 + 12) 	, ) = ? ℎv  (7.25) 

After reaching this point, it is straightforward to use the conductor thickness model in 

[86] and any microstrip dispersion model (the Kirschning and Jansen model in [91] was 

used in this work). 

7.2.1.5 Synthesis of Microstrip Lines on a Multilayer Substrate 

It is obvious from the previous results that it is impossible to derive a closed-

form expression to synthesize the width W of a microstrip line given its characteristic 

impedance Z0. We use the dichotomy (or bisection) method to find a root to the function 

f(W)=Z(W)-Z0 where Z(W) is one of the analysis functions discussed in Section 7.2.1.2 

and Section 7.2.1.3. The algorithm flowchart is detailed in Fig. 7.4. 

7.2.2 Converging Method for High Precision Extraction of Z0 and εreff on a 

Multilayer Substrate 

The synthesis function for multilayer microstrip design described in Section 

7.2.1.5 offers many advantages; 1) it gives a good approximation of Z0 and εreff, 2) the 

speed of the synthesis is very fast and the results are almost instantaneous and 3) it is 

very suitable for optimizations where the number of iterations is high during the 

simulation design phase. However, the values obtained are only approximations, and 

the error accumulates when the number of lines increases. Also, the microstrip 

frequency dispersion effect becomes very significant when the substrate height 

becomes large, which introduces significant errors compared with the already existing 
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dispersion models. Moreover, the transformation done in 7.2.1.4 is only an 

approximation of a single-layer substrate in order to make the use of single-layer 

dispersion models possible, but this introduces inevitably further errors. It is not the 

intention to say that the work done in 7.2.1 is without importance, it is actually required 

to have a good starting approximation values at the simulation design phase, but the   

following logical step would be to optimize the length and the width of the lines under 

the simulator at the layout design phase to extract the real Z0 and εreff that is internally 

used by the simulator. As mentioned before, the εreff value is not available under ADS 

to check the validity of the values obtained from the model. Therefore, the problem to 

 

Fig. 7.4 Synthesis algorithm flowchart. 
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solve is the following: given a certain microstrip line width W on top of a substrate with 

any number of layers, what is the effective dielectric constant at a certain frequency 

point f0, εreff(W,f)? Below are the steps to follow: 

1) The analysis function in 7.2.1 is used on a line of width W to get a first approximation 

of Z0 and εreff. The length of a 90° line is then calculated as follows: 

 � = �4U«�
��� (7.26) 

The λ/4 length is specifically chosen to maximize the phase error. Any length that is 

not close to a multiple of λ/2 would work. 

2) A lossless microstrip line of length L and width W is simulated under ADS with two 

simulation ports of impedances Z1 and Z2 respectively. The impedance of the second 

simulation port Z2 must be chosen such that Z2 ≠ Z0. 

3) The value S11(f) is extracted from the simulation. The normalized input impedance 

is then calculated as: 

 ë73� = 1 + 9XX1 − 9XX (7.27) 

4) Based on transmission line theory, the following equations have been developed to 

calculate the new εreff: 

 �
��� = � �L�U�c (7.28) 

where: 

 L = 2��  (7.29) 

 � ≡ 12��� �1 + A1 − A� í�î > 0 (7.30) 

 A = ë25$ − ë73ë73ë25$ − 1 (7.31) 
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 ë73 = ÒXë73�Ò.  (7.32) 

 ë25$ = ÒcÒ. (7.33) 

5) The updated value �
��� is used to find the new value of Z0. Based on transmission 

line theory, the following equations are used: 

 Ò. = 12tan	o�p ñ' �Ò73 − Ò25$ ±«oÒ73 − Ò25$pc − 4>�Lco�pÒ73Ò25$� > 0 (7.34) 

where: 

 � = 2�U�«�
����  (7.35) 

 Ò73 = ÒXë73�  (7.36) 

 Ò25$ = Òc (7.37) 

6) Steps 4) and 5) are repeated until Z0 and εreff converge to a fixed value within the 

specified precision range. 

7) Because εreff(W,f) does not vary much with L, any line with a width W can be 

designed to have any specific length λ/n at the specified frequency f by using the 

equation below: 

 � = �LU«�
��� (7.38) 

7.3 Tunable Power Amplifier Design 

The concept of the tunable PA is similar to the one presented in 6.1.1. The GaN 

transistor die used is the same as the one described in 6.1.2. In this section, we detail 

further the tunability parameters and the design equations behind tunable matching 

networks. 

7.3.1 Tunability Parameters 

In this section, M(Z0, E, εreff, f) denotes a microstrip line M with a characteristic 

impedance Z0 and an electrical length E designed on top of a multilayer substrate Sub 
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with an effective dielectric constant εreff at a certain frequency f. Let M=M(Z01, E1, εreff1, 

f1), if the substrate and/or the frequency change then M=M(Z02, E2, εreff2, f2). Z02, E2 

and εreff2 are obtained by first synthesizing the line width W on Sub1 and then analyzing 

the same width W on Sub2. We define the microstrip impedance ratio MIR and the 

microstrip electrical ratio MER as the percentage change of Z0 and E respectively: 

 Ùßñ0tÒ.Xu = Ò.� − Ò.|Ò.|Ò.� = o1 +ßñ0pÒ.|  (7.39) 

 Êß�0tÒ.|u = �c − �X�X = ¥�
�����
���| UcUX − 1
�c = o1 +ß�0p�X  (7.40) 

Fig. 7.5 is a plot of the variation of MER and MIR with the microstrip 

impedance Z01 with εr1 = 20.7 (acetone), f1 = 2.4 GHz, εr2 = 1 (air) and f2 = 5.8 GHz 

over a two-layer substrate composed of a channel of variable thickness t at the bottom 

and a 2 mil LCP layer (εr = 2.9) at the top. As an example on how to interpret these 

 
Fig. 7.5 Variation of MIR (solid lines) and MER (dashed lines) with the microstrip impedance Z01 

and the channel thickness t. 
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results, if acetone is substituted with air inside a 20 mil channel, then a 50 Ω line on 

acetone at 2.4 GHz will see its characteristic impedance increase by 145.5 % (MIR = 

145.5 %) and its electrical length decrease by 3.5 % (MER = -3.5 %) on air at 5.8 GHz. 

7.3.2 Tunable Matching Networks Design 

The tunable matching networks are designed on a multilayer organic substrate 

consisting of a 2 mil thick LCP layer (εr = 2.9) on top of a 20 mil thick RO3003 layer 

(εr = 3). Fig. 7.6 is a cross sectional view of the stack-up used along with the different 

thicknesses. The channel thickness of 20 mil is chosen because it allows the design of 

low impedance lines for reasonable line widths while providing a reliable mechanical 

support for the microchannel.  

The topology of the tunable matching networks consists of two standard single 

stub matching networks M1 and M2 at the source and at the load. Fig. 7.7 is an example 

of a tunable source matching network, the design methodology is the same for the load 

matching network. The top and cross sectional view of the complete structure is shown 

in Fig. 7.8. M1 and M2 are used to match the optimal source impedance ZS(f1 = 2.4 GHz) 

and ZS(f2 = 5.8 GHz) to 50 Ω respectively. M1 consists of two microstrip lines L1 and 

L2 while M2 is composed of two other lines L3 and L4. The tunable source matching 

network has a fifth line L5 from the signal input side. The design is complete when the 

pairs (Z0i, Ei) i=1..5 are determined where Z0i and Ei are the characteristic impedance 

and the electrical length of the line Li respectively. 

 
Fig. 7.6 2D cross sectional view of the stack-up.  

Air or Acetone
ULTRALAM 3850 (LCP)

RO3003

Copper
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7.3.2.1 Operation on acetone at f1 = 2.4 GHz 

L1, L2, L3 and L5 are designed to be 50 Ω lines on acetone at f1. L4 must 

necessarily be a λ/2 line at f1 in order to remove the influence of M2 while operating the 

tunable matching network on acetone at f1. As M1 is a single stub matching network, 

the electrical lengths E1 and E2 are determined by matching ZS(f1) = 18.62+j11.12 Ω to 

 
Fig. 7.7 Tunable source matching network design. 
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Fig. 7.8 Top and cross sectional view of the packaged PA.  
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50 Ω, and so we have E1 = 45.051° @ f1 and E2 = 47.495° @ f1. Because L3 and L5 are 

50 Ω lines and E4 = 180° @ f1 then ZS(f1) is fully matched to 50 Ω on acetone at f1 using 

this design. 

7.3.2.2 Operation on air at f2 = 5.8 GHz 

The characteristic impedance of all 50 Ω lines changes to (1+MER(50)).50 ≈ 

122 Ω on air at f2. L5 is chosen to be a λ/4 line at f2 and so we have E5 = 90° @ f2. M1 

transforms ZS(f2) = 50.65-j50.14 Ω to Z’S(f2) = 68.290-j130.875 Ω which is then 

transformed by M2 to 122²/50 ≈ 300 Ω. The λ/4 line L5 transforms 300 Ω into 50 Ω at 

f2. The electrical lengths obtained are E3 = 2.921° @ f2 and E4 = 151.029° @ f2. As L4 

is a λ/2 line at f1 and is part of the single stub matching network M2 at f2, then L4 should 

satisfy two conditions at the same time: E4 = 180° @ f1 and E4 = 151.029° @ f2. We 

noticed that a solution to this problem always exists for a certain characteristic 

impedance Z04 when carefully choosing a pair (E1, E3). The possible number of pairs 

for (E1, E3) is four, as any given single stub matching network always offers two 

solutions. By using (7.40), we are looking for a characteristic impedance Z04 such that 

ß�0tÒ.Öu = óÖo*�pbóÖo*|póÖo*|p = −16.1%. Finally, using Fig. 7.5, the solution is found to 

be Ò.Ö = ß�0bXo−16.1	%p = 26	Ω. 

7.4 Fabrication Procedure 

Two designs were fabricated and tested: 1) the Thru-Reflect-Line (TRL) de-

embedding standards + transistor die and 2) the microfluidically tunable PA. The first 

design was used to perform source/load pull measurements to extract optimal source 

and load impedances for the actual transistor die, while the second design was meant to 

measure the performance of  the final packaged microfluidically tunable PA. The 

fabrication of both structures starts with a 6 in x 6 in double copper clad ULTRALAM 

3850 laminate with a thickness of 2 mil. Copper is etched out from one side using nitric 
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acid. For the tunable PA design, vias with a diameter of 1.2 mm are drilled using a CO2 

laser. These vias serve as entry points for the different fluids and they are also useful to 

separate the LCP from the bottom ground after the lamination process. A 6 in x 6 in 

double copper clad RO3003 laminate, which is 20 mil thick, is etched out from both 

sides using nitric acid. Cavities are ablated on it to create the microchannels in the case 

of the tunable PA. These same cavities, but slightly widened, are ablated on two 6 in x 

6 in bond plies (ULTRALAM 3908) which are 1 mil thick. The bottom ground of the 

structure is made out of a 6 mil thick copper shim. The whole stack-up is then laminated 

at 285 °C using a thermal press. Electron beam evaporation is used to deposit 40 nm of 

titanium and 1 um of gold on top of the copper. Gold is used to facilitate the bonding 

of the gold wires during the wire-bonding phase and also for die-attach. Alignment vias 

and CPW ground vias with a diameter of 22 mil are drilled from the back side. CPW 

vias are filled with silver epoxy and cured to create the ground connections. Samples 

are then cut into 3 in x 3 in samples, so four samples can be created during the same 

fabrication process. The top side of each one of them is then patterned using standard 

lithography techniques. Gold, titanium and copper are etched out subsequently using 

GE-8148 gold etchant, a 10:1 diluted hydrofluoric acid (HF) solution and ferric chloride 

respectively. For the tunable PA design, the LCP is separated from the bottom ground 

using a sharp needle in order to open up the cavities. 2.4 mm silicone tubes are attached 

to the injection vias using a commercial plastic epoxy, water flow inside the cooling 

microchannel is then tested using a small TCS micropump. For both designs, the GaN 

die is attached using indium silver, the die is then wire-bonded to the gold pads using a 

semi-automatic wire-bonder after curing the indium silver. A detailed fabrication flow 

is illustrated in Fig. 7.9, steps 3 and 6 are not part of the TRL standards fabrication. 
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Fig. 7.9 Package fabrication flow. 1) double cladded RO3003 + two bondplies, 2) copper etching 

from both sides of RO3003, 3) cavity ablating on RO3003 and bondplies, 4) double cladded 

ULTTRALAM 3850, 5) copper etching from one side of ULTRALAM 3850, 6) drilling of injection 

vias, 7) lamination, 8) Ti/Au deposition, 9) drilling of RF ground vias, and 10) final micromachined 

structure. 
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Fig. 10 and Fig. 11 show pictures of both samples at each step of the fabrication 

process.  

 

Fig. 7.10 TRL standards sample fabrication flow. a) stack-up preparation (6 in x 6 in) b) lamination 

+ gold deposition + via drilling c) 3 in x 3 in cut sample d) top metal patterning e) zoomed DUT f) 

wirebonded GaN die. 

 

Fig. 7.11 Tunable PA sample fabrication flow. a) cavities ablating + stack-up preparation (6 in x 6 

in) b) aligned layers from the back side c) lamination + gold deposition + via drilling c) 3 in x 3 in 

cut sample d) top metal patterning e-f) final packaged PA. 
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7.5 Measurements and Results 

The first part of the measurements was dedicated to the characterization of the 

DUT, these characterizations were: effective dielectric constant extraction, TRL line 

de-embedding, pulsed-IV curves extraction, small signal S-parameters, load/source pull 

optimizations and power sweeps at optimal source and load impedances. The second 

part was about measuring the performance of the fully packaged tunable PA, the tests 

performed were:  pulsed-IV and DC-IV, small signal S-parameters and 50 Ω power 

sweeps with air and acetone filling the tuning microchannels with or without water flow 

beneath the cooling microchannel. 

The measurements were done using a vector-receiver load pull system. All small 

signal measurements were done from 1 GHz to 7 GHz and the device has been biased 

under class A operation for a quiescent current IDS = 60 mA. The duty cycles used were 

either 10 % or DC/CW depending on the situation. 

7.5.1 DUT Characterization 

7.5.1.1 TRL Calibration and Effective Dielectric Constant Extraction 

The TRL standards used were: Open, Thru and 2 GHz to 5 GHz λ/4 lines. A 

TRL calibration kit has been created by specifying the different line delays τ using the 

following equation: 

 H = �â� = �� ��
��� ≈ 85	£M/�L × �o�Lp × ��
��� (7.41) 

The extraction of the effective dielectric constant was done with the aid of a tool 

called “StatistiCAL Plus” from “NIST”. The estimated and measured �
��� is shown in 

Fig. 7.12. The figure shows that the estimated value (2.44) is very close to the average 

measured value (2.437) between 1 GHz and 9 GHz. 
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To make sure that the fabricated standards are 50 Ω quarter-wave lines, the 

standards are measured and de-embedded using the TRL calibration method. The de-  

embedded measurements of the standards are then compared to simulation. To get 

meaningful comparison plots, a mismatch is introduced at the simulation ports such that 

the S-parameters are normalized to 30 Ω (it is important to do so when the characteristic 

impedance of the line is very close to the impedance of the simulation ports). However, 

50 Ω S-parameters are also provided to get an idea about the measured return and 

insertion loss of the different lines. The results in Fig. 7.13, Fig. 14, Fig. 15 and Fig. 16 

show a good agreement between measured data and simulations. Based on the return 

loss of the different lines, it can be seen that the characteristic impedance of the lines is 

very close to 50 Ω. Also, the phase information indicates that the lines have an electrical 

length of 90° at their respective design frequencies. 

 

 
Fig. 7.12 Effective dielectric constant extraction. 
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Fig. 7.13 2 GHz line S-parameters measurements and simulations. 
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Fig. 7.14 3 GHz line S-parameters measurements and simulations. 
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Fig. 7.15 4 GHz line S-parameters measurements and simulations. 
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Fig. 7.16 5 GHz line S-parameters measurements and simulations. 
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7.5.1.2 I-V Curves and Small Signal S-Parameters 

 The following step was to measure the pulsed-IV characteristics of the GaN die. 

Fig. 7.17 shows the pulsed-IV curves of the die where VGS and VDS were swept from -

2.6 V to -2.36 V and from 0 V to 40 V respectively with a duty cycle of 10 %. The 

small signal S-parameter measurement and simulation of the DUT is shown in Fig. 

7.18. The inductance values assigned to model the wirebonds and the ground vias were 

tuned to match the simulation with the measurements. The value for the input 

inductance and the output inductance were set to 0.58 nH and 0.7 nH respectively while 

the ground inductance was set to 0.32 nH. 

 
Fig. 7.17 DUT pulsed-IV curves. 
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Fig. 7.18 DUT small signal S-parameter measurements and simulations. 
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7.5.1.3 Load/Source Pull Optimizations and Large Signal Power Sweeps 

The large signal characterization was done at 2.4 GHz for Pin = 25 dBm and at 

5.8 GHz for Pin = 28 dBm. The goal was to get the best trade-off between Pout and PAE. 

Fig. 7.19 and Fig. 7.20 are a comparison between simulated and measured Pout and PAE 

contours. Table 7.1 is a summary of the obtained results which shows once again a good 

correlation between simulations and measurements. The large signal power sweeps 

were performed at 2.4 GHz and 5.8 GHz at their respective optimal source and load 

impedances, the results are shown in Fig. 7.21 and Fig. 7.22. 

It can be noted that the large signal measurements at 2.4 GHz in Fig. 7.21 are 

very close to the simulated values, however the measurements at 5.8 GHz in Fig. 7.22 

show some unstable behavior for low input power levels but soon start to behave 

normally for input power levels greater than 24 dBm. As our goal was to optimize the 

PA at Pin = 28 dBm, that did not cause any issues with the designs later on. 

 

 

 
Fig. 7.19 Pout and PAE contours for the DUT at 2.4 GHz. 

Measured Simulated
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Fig. 7.20 Pout and PAE contours for the DUT at 5.8 GHz. 

Measured Simulated

TABLE 7.1 
LOAD AND SOURCE PULL RESULTS 

Frequency (GHz) 2.4 5.8 

Pin (dBm) 25 28 

 Simulated Measured Simulated Measured 

ZS, Opt (Ω) 21.33+j2.24 18.62+j11.12 50.64-j50.10 50.65-j*50.14 

ZL, Opt (Ω) 30.48+j41.56 30.24+j37.74 11.97+j7.73 11.96+j*8.46 

Max. PAE (%) 59.07 60.56 49.51 46.85 

Max. Pout (dBm) 38.25 38.27 37.33 37.11 
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7.5.2 Tunable PA Characterization 

Every attempt to bias the assembled microfluidically tunable PA on organics 

was unexpectedly unsuccessful. The I-V curves would always exhibit a random 

behavior whenever the device was biased even at very low current levels and very low 

duty cycles. At the same time, thanks to different troubleshooting tests, we were able 

 
Fig. 7.21 DUT large signal power sweep at 2.4 GHz. 
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Fig. 7.22 DUT large signal power sweep at 5.8 GHz. 
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to determine that the origin of the problem was not a thermal issue but rather an 

instability issue. Though, we have still been unable to figure out exactly what could be 

causing the instability. The explanation for that could be that the device is sitting on top 

of a cavity with two metals and a dielectric in between with four ground vias connecting 

the two metals which could potentially create an instability or excite some undesirable 

EM modes. To at least demonstrate the feasibility of this study, we have decided to cut 

the fabricated matching networks and attach them to a micromachined copper carrier 

with integrated microchannels inside the copper. This is of course far from ideal, as the 

copper is already an excellent conductor and the overall weight of the system is 

affected, but this at least shows that the idea of combining tuning and cooling for a 

GaN-based PA is possible. Once the instability issue is solved, this solution can be 

easily replicated on organics. Fig. 7.23 shows the copper-based tunable PA and the one 

on organics ready to be measured. 

   
 (a) (b) 

  
 (c) (d) 

Fig. 7.23 a) Tunable PA on organics b) Organic PA ready to measure c) Tunable PA on 

micromachined copper d) Copper-based PA ready to measure. 
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7.5.2.1  I-V Curves and Small Signal S-Parameters 

I-V curves were extracted with a duty cycle of 10 % (Fig. 7.24) and 100 % (Fig. 

7.25). VGS was swept from -2.6 V to -2.26 V while VDS was swept from 0 V to 40 V. 

Small signal S-parameters were also extracted for two cases where: 1) acetone is filling 

the matching networks (Fig. 7.26) and 2) air is filling the matching networks (Fig. 7.27). 

 
Fig. 7.24 DUT I-V curves, 10 % duty cycle. 
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Fig. 7.25 DUT I-V curves, DC. 
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Fig. 7.26 Small signal S-parameters with acetone filling the tuning matching networks. 
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Fig. 7.27 Small signal S-parameters with air filling the tuning matching networks. 
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7.5.2.2 Large Signal Power Sweeps 

Power sweeps (Fig. 7.28 and Fig. 7.29) were performed on the copper-based PA 

while varying the following parameters: 1) the fluid inside the tuning microchannels, 

2) the flow inside the cooling microchannel and 3) the duty cycle. In the case where the 

flow of water inside the cooling microchannel did not bring any improvement to the 

electrical performance, some plots were omitted or grouped into a single curve. From 

the results, it seems that the water flow does not affect the performance for the 2.4 GHz 

measurements. Moreover, it does not affect much the output power, but it starts to have 

some influence on the PAE for the 5.8 GHz measurements where a 1.5 % increase in 

PAE is noticed at 28 dBm input power compared to the non-flow case. On the other 

hand, the effect of reducing the duty cycle improves drastically the PAE in all cases. 

Finally, the performance obtained at 10 % duty cycle without water flow with 1) 

acetone at 2.4 GHz is: PAE = 33.88 % and Pout = 37.13 dBm = 5.16 W and 2) air at 5.8 

GHz is: PAE = 51.10 % and Pout = 37.87 dBm = 6.12 W. 

 

Fig. 7.28 Tunable PA large signal power sweep at 2.4 GHz. 
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7.6 Summary 

In this chapter, multilayer microstrip design techniques have been discussed and 

new equations have been developed for an accurate extraction of the effective dielectric 

constant and the characteristic impedance of microstrip lines on multilayer dielectric 

substrates. Tunability parameters have been introduced for the first time and have 

served to design the microfluidically tunable matching networks which in turn were 

used as the building blocks of the microfluidically tunable PA. A detailed fabrication 

flow of the PA on organics have been described thoroughly. Moreover, measurements 

and simulations have been provided and compared with each other for small signal S-

parameters, for de-embedding, for load/source pull optimizations and for large signal 

power sweeps. The PA on organics did not work as expected and was replaced by a 

copper-based PA where cooling microchannels have been integrated into the copper. It 

was observed that water flow slightly affected the PAE in some cases but did not have 

an influence on Pout. Solving the instabilities of the GaN die on top of the organic 

package could potentially lead to satisfactory results in the future.  

Fig. 7.29 Tunable PA large signal power sweep at 5.8 GHz. 
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CHAPTER 8 

CONCLUSION 

This thesis has explored the design and implementation of a low cost integrated 

microfluidic solution on multilayer organic substrate for cooling and tuning RF circuits. 

In this chapter, the main contributions are highlighted and recommendations are given 

with regards to potential further research in this subject. The author’s publications are 

given as a reference at the end. 

8.1 Contributions 

Below are the contributions presented in this thesis: 

1. For the first time, a 1 W GaN HEMT has been attached and characterized 

electrically and thermally on LCP. Microchannels have been used for the first 

time to achieve this objective. 

2. For the first time, a complete general thermal model of a packaged heat source 

has been thoroughly described. The analysis of this simple model yielded many 

important results on how to construct and understand power derating curves, 

and how to extract important information about the heat sink specifications for 

efficient cooling at maximum power rating levels. 

3. For the first time, high power devices have been tested on multilayer organics 

with integrated microfluidic channels. Two types of devices have been 

characterized: passive and active. Passive elements were high power surface 

mount thin film resistors up to 40 W rated power at 100°C. The active element 

was a 5 W GaAs pHEMT operated under DC and RF regimes. 

4. Thermal modeling of the proposed microfluidic solution has been elaborated by 

combining different existing thermal models in literature. The thermal model 

has been used to predict the steady state junction temperature of a heat source 
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on top of a microchannel where a fluid can either be static or dynamic. This 

model has been verified by real thermal measurements of high power resistors. 

The measurements showed that the 40 W rated power resistor could be operated 

at 23 W with fluid circulation. This is, to the best of the author’s knowledge, the 

best result ever achieved on multilayer organic substrates.  

5. For the first time, practical guidelines on how to design microchannels on 

organic substrates have been presented for cooling purposes. An approximate 

design equation has also been developed to determine the best suitable thickness 

for the microchannels for the static and the dynamic cases. 

6. For the first time, an L-band RF microstrip bandpass filter has been tuned on 

LCP using integrated microfluidics. A combination of DI water/acetone was 

used interchangeably inside the microchannels. 50 % tuning was achieved at 1 

GHz. The insertion and return loss were excellent as well. 

7. For the first time, microfluidics have been used on organics to tune a GaN-based 

PA. Fluids used were air and acetone in order to shift the frequency of operation 

of the PA from 2.4 GHz to 5.8 GHz. Simulations and measurement were in good 

agreement, the PA averaged a 40 % PAE and 36 dBm output power over the 

two bands. 

8. Design equations on a multilayer dielectric substrate have been gathered and 

improved. A synthesis algorithm has been given to synthesize the microstrip 

line dimensions on a multilayer substrate. Based on transmission line theory, 

equations have been developed to accurately extract the characteristic 

impedance Z0 and the effective dielectric constant εreff of a microstrip line by 

only using the return loss of a simulated microstrip line under ADS. The 

motivation behind developing this converging algorithm was to bypass the lack 



121 

 

of microstrip dispersion models in literature in the case of multilayer dielectric 

substrates. 

9. For the first time, the “tunability parameters” (MIR and MER) concept has been 

developed and explained, all backed-up by theory and equations. A novel design 

approach has been explained with regards to the design of microfluidically 

tunable matching networks. A step-by-step guideline and design equations have 

also been presented. 

10. For the first time, microfluidic channels have been combined in a single 

integrated package to cool and tune an RF PA at the same time. 

8.2 Future Work 

The results of this doctoral research are paving the way for some exciting new 

directions that could be investigated in the future. Below are some thoughts: 

1. The multilayer thermal model used to characterize the proposed microfluidic 

solution can be improved to work for smaller heat source sizes. The real 

measurements could also be improved by sweeping other design parameters 

such as the thickness of the LCP layer, the overall size of the microchannel, the 

fluid flow rate… Moreover, the model only gives an idea about the steady state 

temperature of a heat source under a continuous excitation regime, so future 

work can potentially look into how to obtain transient thermal information when 

a heat source is used in a pulsed regime. Frequency dependent heat sources 

could be used to validate the transient response. Finally, only the size of passive 

heat sources has been changed, so this idea could be extended to active elements 

as well. 

2. In this work, a single microchannel has been used to cover a single heat source. 

It could be interesting to investigate the effect of having multiple smaller 
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microchannels beneath one single heat source and compare the performance in 

the two scenarios. In addition, an array of heat sources and microchannels could 

be investigated, the study could include the thermal effects of having closely 

placed heat sources. 

3. The fabrication process could be modified to extend the usage of this 

microfluidic solution to cooling heat sources while the coolant is in direct 

contact with the device. This would allow a better heat dissipation in some 

cases, and would make this solution work for other transmission line 

technologies such as strip lines. 

4. The tunable matching network presented in this work relied on one single 

microchannel beneath the whole microstrip circuit, further investigations could 

focus on how to selectively place smaller microchannels behind “key” lines that 

highly affect the tunability of the circuit. 

5. An automatic fluid distribution system can be designed and implemented to 

show the commercial potential of these tuning microchannels. Replacing the 

fluids in this work has always been done manually. Moreover, other fluid 

combinations could be investigated in order to minimize the dielectric loss of 

the RF circuits especially at higher frequencies, which, in turn, would open up 

the door for some interesting applications. Furthermore, the design and 

implementation of a microfluidically tunable transmission module including 

tunable filters, tunable antennas and tunable PAs could be a very promising 

idea. Finally, extending the tunability solution to other technologies like CPW 

and strip lines is something to bear in mind as well. 
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8.3 Publications to Date 

The  following  is  a  chronological  list  of  papers  that  have  been  submitted  

and accepted by a peer-reviewed conference or journal for publication: 

8.3.1 Journal Papers 

1. O. Lemtiri Chlieh, W. T. Khan and J. Papapolymerou, “Thermal Modeling of 

Microfluidic Channels for Cooling High Power Resistors on Multilayer Organic 

Liquid Crystal Polymer Substrate,” ASME Journal of Electronic Packaging, 

Vol. 137, No. 3, p. 031009, September 2015. 

2. S. Hu, S. Kousai, J. S. Park, O. Lemtiri Chlieh and H. Wang, “Design of A 

Transformer-Based Reconfigurable Digital Polar Doherty Power Amplifier 

Fully Integrated in Bulk CMOS,” IEEE Journal of Solid-State Circuits, Vol. 50, 

No. 5, pp. 1094-1106, April 2015. 

8.3.2 Conference Papers 

1. O. Lemtiri Chlieh, C. A. Donado Morcillo, S. Pavlidis, W. T. Khan and J. 

Papapolymerou, “Integrated Microfluidic Cooling for GaN Devices on 

Multilayer Organic LCP Substrate,” IEEE International Microwave Symposium 

(IMS), Seattle, Washington, USA, June 2013. 

2. O. Lemtiri Chlieh, W. T. Khan and J. Papapolymerou, “L-Band Tunable 

Microstrip Bandpass Filter on Multilayer Organic Substrate With Integrated 

Microfluidic Channel,” IEEE International Microwave Symposium (IMS), 

Tampa, Florida, USA, June 2014. 

3. O. Lemtiri Chlieh, W. T. Khan and J. Papapolymerou, “Integrated 

Microfluidic Cooling of High Power Passive and Active Devices on Multilayer 

Organic Substrate,” IEEE International Microwave Symposium (IMS), Tampa, 

Florida, USA, June 2014. 

4. O. Lemtiri Chlieh, W. T. Khan and J. Papapolymerou, “Microfluidically 

Reconfigurable GaN Power Amplifier on Multilayer Organic Substrate for S-

Band and C-Band Applications,” IEEE International Microwave Symposium 

(IMS), Phoenix, Arizona, USA, May 2015. 
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5. G. C. Barisich, S. Pavlidis, C. A. Donado Morcillo, O. Lemtiri Chlieh and J. 

Papapolymerou, “An X-band GaN HEMT Hybrid Power Amplifier with Low-

loss Wilkinson Division on AlN Substrate,” The International IEEE Conference 

on Microwaves, Communications, Antennas and Electronic Systems 

(COMCAS), Tel Aviv, Israel, October 2013. 

6. A. L. Vera López, D. B. Giles, W. T. Khan, O. Lemtiri Chlieh, G. E. Ponchak 

and J. Papapolymerou, “Microfluidic Channel on Organic Substrates as Size 
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Conference (APMC), Seoul, South Korea, November 2013. 

7. S. Pavlidis, A. C. Ulusoy, W. T. Khan, O. Lemtiri Chlieh, E. Gebara and J. 

Papapolymerou, “A Feasibility Study of Flip-Chip Packaged Gallium Nitride 

HEMTs on Organic Substrates for Wideband RF Amplifier Applications,” 

IEEE Electronic Components and Technology Conference (ECTC), Lake Buena 

Vista, Florida, USA, May 2014. 

8. S. Hu, S. Kousai, J. S. Park, O. Lemtiri Chlieh and H. Wang, “A +27.3dBm 

Transformer-Based Digital Doherty Polar Power Amplifier Fully Integrated in 

Bulk CMOS,” IEEE Radio Frequency Integrated Circuits Symposium (RFIC), 
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